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I, FRANCOIS ICHAS, Ph.D., hereby declare: 



1 . I received a Certificate of Clinical and Therapeutical Synthesis from the 
Doctoral School of University Victor Segalen- Bordeaux 2 in Bordeaux, France in 1996, a Ph.D. 
in Biomedical Sciences from the University Victor Segalen-Bordeaux 2 in 1996, and a Post- 
doctoral degree from the University Victor Segalen-Bordeaux 2, in 2001. 

2. I am currently Department Director for INSERM U9 1 6 VINCO 
(Validation and Identification of New Targets in Oncology) at the University Victor Segalen- 
Bordeaux 2 in Bordeaux, France. I have held this position since 2007. From 2003 to 2007, 1 
was the Research Director of the INSERM E.347 team in molecular pharmacology and 
oncology, and conducted translation research at the CLCC Bergonie (Regional Anti-Cancer 
Center) in oncology . 
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3 . The primary focus of my research is oncology and the development of 
new cancer therapies. I have authored over 35 peer-reviewed research articles in the field(s) of 
mitochondrial functions, cellular pathways implicated in programmed cell death, and 
manipulation of those pathways in cancer cells. A copy of my Curriculum Vitae, listing my 
publications, awards, and other professional achievements is attached as Exhibit 1 . 

4. I have reviewed the above referenced patent application, the pending 
claims in that application, as well as the teachings of Grimaudo et a!., "Selective Induction of 
Apoptosis in Multidrug Resistant HL60R Cells by the Thiazolobenzoimidazole Derivative 1- 
(2,6-difluorophenyl)-lH,3H-thiazolo[3,4-a]benzimidazole (TBZ)," Eur. J. Cancer 34:1756-1763 
(1998) ("Grimaudo") and Ghori et ah, "Telomerase Inhibition as a Potential New Therapy for 
Colorectal Cancer," Colorectal Disease 2(2):106-1 12 (2000) ("Ghori"). I understand that the 
United States Patent and Trademark Office ("PTO") has taken the position that the claims of the 
above referenced patent application would have been obvious in view of the teachings of 
Grimaudo and the teachings of Ghori. I disagree with that conclusion, and I am presenting this 
declaration to explain why the claimed subject matter would not have been obvious to one of 
skill in the art in view of either Grimaudo or Ghori. 

5. Grimaudo investigated the cytotoxicity of 1 -(2,6-difluorophenyI)-l//,3//- 
thiazolo[3,4-a]benzimidazole ("TBZ"), a non-nucleoside reverse transcriptase inhibitor 
("NNRTI"), on human acute myeloid leukemic HL60 parental and drug resistant (HL60R) cell 
lines. Grimaudo showed that TBZ exhibits cytotoxic activity in the both HL60 and HL60R cells 
lines at a concentration of 50 uM (ICso), a concentration that is 50-fold higher than the 
concentration of TBZ required to inhibit viral reverse transcriptase (RT) activity in several 
human primary cells and cell lines (see Grimaudo at p. 1 760, col. I, second full para, and col. 2, 
fourth full para.). Since the cytotoxic effects of TBZ were observed at such a higher 
concentration than required to inhibit viral RT, it is highly unlikely that TBZ's cytotoxic activity 
in these cells is related to its viral RT inhibitory properties. 

6. That TBZ's mechanism of cytotoxicity is unrelated to its RT inhibitory 
activity is further supported by Grimaudo 's observation that TBZ caused a selective induction of 
apoptosis in the HL60 drug resistant cell line compared to the parental cell line (see Grimaudo at 
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Figure 2 and Figure 5, and corresponding text at p. 1760, col. 1, second and third full paras.). 
While Gnrnaudo does not delineate TBZ's mechanism of cytotoxicity in the HL60 cell lines, 
based on TBZ's selective induction of apoptosis in the HL60R line, Grimaudo speculates a mode 
of action that involves bypassing drug resistance-related mechanisms such as the multidrug 
transporter (see id. at p. 1 762, col. 1 , first para.) or a differential interaction with topoisomerase 
II (see id. at 1761, col. 1 and 2). 

7. The authors of Grimaudo, in consideration of the unique results obtained 
with TBZ, suggest that future studies should explore the mechanism of its anti-tumor and pro- 
apoptotic action. Grimaudo further suggests using TBZ derivatives that are metabolized more 
slowly than TBZ, and therefore retain their activity. I find no suggestion in Grimaudo that other 
NNRTIs would have the same anti-tumor effect in the HL60 cells or other cancer cells. Indeed, 
given the expectation that TBZ's effects were independent of its RT-mhibitory activity, 
Grimaudo's focus exclusively on TBZ derivatives rather than on other NNRTI's is entirely 
reasonable. Therefore, based on the data and conclusions of Grimaudo, one of skill in the art 
would have no reasonable expectation that NNRTIs, that are structurally unrelated to TBZ, such 
as nevirapine, efavirenz, delavirdine, and compounds in the class of 5,1 l-dihydro-6h- 
dipyrido[3,2-b:2',3'-e][l,4]diazepines, would exert similar cytotoxic effects in parental or drug- 
resistant cancer cell lines, simply based on their shared ability to inhibit viral RT. None of the 
data presented by Grimaudo substantiates such a conclusion. 

8. In a subsequent publication by Grimaudo et al., "Apoptotic Effects of 
Thiazolobenzimidazole Derivatives on Sensitive and Multidrug Resistant Leukaemic Cells," 
Eur. J. Cancer 37(1); 122-30 (200 1 ) (Grimaudo 200 1 ) (attached hereto as Exhibit 2), the results 
from the continued investigation of the cytotoxic activity of TBZ derivatives on the same cell 
lines (as used in Grimaudo) are presented. Grimaudo 2001 reports that these compounds exert 
their anti-tumor effects by activating the programmed cell death pathway (Grimaudo 2001 at p. 
129, col. 1, last para). Grimaudo 2001 concludes that this activity is, at least in part, caspase 
mediated, as shown by the ability of caspase inhibitors to reduce the percentage of apoptosis 
induced by one of the TBZ derivatives (id. at para. 2). These findings, which were published 
well in advance of the filing date of the above referenced patent application, further support that 
one of skill in the art would have no reasonable expectation, based on the teachings of Grimaudo, 
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that NNRTIs that are structurally unrelated to TBZ, such as nevirapine, efavirenz, delavirdine, 
and compounds in the class of 5,1 l-dihydro-6h-dipyrido[3,2-b:2',3'-e][l,4]dtazepines, would 
exhibit anti-tumor effects similar to that of TBZ. 

9. Moreover, one of skill in the art would not generalize the findings of 
Grimaudo, based on data obtained in one acute myeloid leukemic cell line, to solid tumors, such 
as carcinomas, tumours of the nervous system, and fibro- and osteo-sarcomas because of there 
fondamental differences in terms of molecular mechanisms involved in the tumorigenic 
developement of these two major categories of cancers. Furthermore, an illustration is the fact 
that strategies used for the therapeutic treatments of these two types of cancers are not similar. 

10. For the reasons discussed in paragraphs 5-9 above, I disagree with the 
PTO's position that one of skill in the art would have found it obvious, based on the teachings of 
Grimaudo, to counteract the loss of cellular differentiation and to treat cell proliferation in tumor 
pathologies by administering to a subject a compound in the class of 5,1 l-dihydro-6h- 
dipyrido[3,2-b:2',3'-e][l,4]diazepines, nevirapine, efavirenz, delavirdine, or corresponding salts 
thereof as taught by and claimed in the above referenced patent application. 

1 1 . Ghori investigated telomerase inhibition using three nucleoside retroviral 
reverse transcriptase inhibitors ("NRT1") {i.e., not NNRTIs) as a therapeutic strategy for the 
treatment of colorectal cancer. Despite Ghori's demonstration that the three tested NRTIs, i.e., 
azidothymidine (AZT), dideoxythymidine (ddT), and dideoxyguanidine (ddG), inhibited 
telomerase activity and slowed proliferation in the tumor cell line HT29, there are a number of 
reasons why one of skill in the art would not have expected other NRTIs or NNRTIs to be useful 
for inhibiting telomerase activity and treating cell proliferation in tumor pathologies. 

12. Firstly, other studies investigating the potential use of NRTIs to inhibit 
telomerase and treat cancer have reported inconsistent results (reviewed by White et al., 
"Telomerase Inhibitors," Trends in Biotech. 19(3):1 14-120 (2001) ("White") (attached hereto as 
Exhibit 3) at p. 118, col. 1, last para.). For example, Strahl and Blackburn, "Effects of Reverse 
Transcriptase Inhibitors on Telomere Length and Telomerase Activity in Two Immortalized 
Human Cells Lines," Mbl. Cell. Biol. 16(10) 53-65 (1996) ("Strahl") (attached hereto as Exhibit 
4) examined telomerase inhibition, telomere shortening, and cell growth rates in cell lines 



Serial No. 10/500,270 



-5- 



derived from B-cell lymphoma and human T-cell leukemia using the nucleoside analogs AZT, 
arabinofuranyl-guanosine (Ara-G), ddG, deoxyinosine (ddl), deoxyadenosine (ddA), 
didehydrothymidin (d4T), and the non-nucleoside RT inhibitor phosphonoformic acid (foscarnet) 
(Strahl at abstract). Strahl reports that while ddG caused reproducible and progressive telomere 
shortening and telomerase inhibition, no effect on the cell population doubling rates or 
morphology were observed (id). AZT caused progressive telomere shortening in some but not 
all T- and B-cell cultures, and prolonged passaging in Ara-G, ddl, ddA, d4t, or foscarnet did not 
cause reproducible telomere shortening or decreased cell growth rates of viability (id). Similar 
to the results of Strahl, Murakami et al., "Inhibition of Telomerase Activity and Cell 
I>roliferation by a Reverse Transcriptase Inhibitor in Gynaecological Cancer Cell Lines," Eur. ./. 
Cancer 35(6):1027-34 (1999) ("Murakami") (attached hereto as Exhibit 5) reported the 
inhibition of telomerase activity and/or telomere length by AZT-5' triphosphate and ddl in the 
HEC-1 human endometrial adenocarcinoma cell line, but not the MCAS human ovarian cancer 
cell line (Murakami at abstract). In summarizing these divergent results, White concludes: 

[I]t is unlikely that these analogs are functioning through a 
selective inhibition of telomerase because their reduced 
proliferation is occurring in the setting of sufficiently long 
telomeres. A plausible explanation might be that the RTIs 
have a toxic effect on the cells, perhaps by inhibiting 
mitochondrial DNA replication leading to the observed 
reduction in telomerase activity, which is dose-dependent. 

White at p. 118, col. 2, first para.. In view of White, Strahl, and Murakami, one of skill in the art 
would not have had a reasonable expectation that NRTIs other than those disclosed in Ghori, and 
certainly not NNRTIs would be useful for inhibiting telomerase activity and slowing 
proliferation of tumor cells. 

1 3 . Secondly, while there is at least a priori some rationale for testing NRTI 
mediated inhibition of telomerase based on their common mechanism of action, this rationale 
does not apply to NNRTIs which are structurally distinct and have a distinct mechanism of 
action. These differences are discussed more fully below. 

14. NRTIs are known to inhibit RT activity by the common mechanism of 
DNA chain termination. Indeed, any RT will incorporate the NRTI analogues into newly 



Serial No. 10/500,270 



-6- 



synthesized DNA, and once incorporated, DNA syntliesis is halted (see White at p. 118, col. 1, 
second full para.; Ren et al., "Structure of H1V-2 Reverse Transciptase at 2.35-A Resolution and 
the Mechanism of Resistance to Non-Nucleoside Inhibitors," PNAS 99(22): 1441 0-1 5 (2002) 
("Ren") (attached hereto as Exhibit 6) at p. 14410, col. 1, first para ). Since all nucleoside 
analogues should bind to the catalytic domain of any RT, it might thus be expected a priori that a 
NRTI should have inhibitory activity on almost any RT. In fact, NRTIs, such as zidovudine and 
lamivudine, in their 5 '-triphosphate forms, exert a broad spectrum of antiviral RT activity, 
including, for example, inhibition of both HIV-2 and HIV-1 RTs (id.). 

15. In contrast to nucleoside analogs, NNRTIs act by a completely different 
mode of action that involves direct binding in a reversible and non-competitive manner to a 
hydrophobic pocket close to the polymerase catalytic site, in the p66 subunit of RT (see Joly and 
Yeni, "Non-Nucleoside Reverse Transcriptase Inhibitors," AIDS Rev 1:37-44 (1999) ("Joly") 
(attached hereto as Exhibit 7) at para, spanning pp. 37-38). Because the NNRTIs nevirapine, 
delavirdine, and efavirenze mediate inhibition of HIV-RT by interacting with this specific 
binding site on the RT enzyme, any slight variation brought about by a single point mutation can 
have a significant impact on inhibition (id). Accordingly, other retroviral RT enzymes and some 
mammalian RT enzyme systems that lack this site are unaffected by these NNRTIs (id. ; see also 
Ren at p. 14410, col. 1, first para. (NNRTIs are largely specific for HIV-1 RT)). 

16. In view of the distinct mechanisms of action of NRTIs and NNRTIs, and 
the specific mechanism of NNRTI mediated RT inhibition (i.e., direct binding to a hydrophobic 
pocket in the p66 subunit of RT), one of skill in the art would have had no reasonable 
expectation, based on the teachings of Ghori, that NNRTIs are generally effective inhibitors of 
any RT, particularly the reverse transcriptase catalytic subunit of human telomerase. In fact, the 
general knowledge (see paragraphs 14-15 above) would have suggested that NNRTIs would be 
largely ineffective against RTs other than HIV-1 RT. Therefore, persons of skill in the art would 
have lacked any expectation, based on Ghori, that NNRTIs, such as nevirapine, efavirenz, 
delavirdine, and compounds in the class of 5,1 l-dihydro-6h-dipyrido[3,2-b:2',3'- 
e][l,4]diazepines, would be useful for treating cell proliferation in rumor pathologies. 
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17. Thirdly, Damm et al., "A Highly Selective Telomerase Inhibitor Limiting 
Human Cancer Cell Proliferation," EM BO J. 20(24):6958-68 (2001) ("Damm") (attached hereto 
as Exhibit 8), which identifies a class of small molecules exhibiting selective inhibition of 
telomerase activity without RT inhibition (see Figure 1C), clearly demonstrates that telomerase 
is distinct from other DNA and RNA polymerases, including HIV RT. Thus, a compound with 
known specific inhibitory activity for telomerase cannot be expected to inhibit RTs generally. 

1 8. Finally, inhibition of telomerase activity is known to induce senescence 
and cell death after a long lag period required for the attrition of telomeres (see Damm at p. 
6958, col. 2, last para.). In contrast, the above referenced application demonstrates NNRTI- 
mediated differentiation of tumor cells cannot be attributed to the inhibition of telomerase 
activity, because the differentiation appears too rapidly to be linked to telomerase inhibition (see 
e.g., Example 4 and Figure 4 showing nevirapine induced differentiation of myoblasts C2C7 
after 90 hours, Example 4 and Figure 5, showing the nevirapine induced differentiation of 
teratocarcrnonia F9 cells after 72 hours, and Example 5, Figure 6, showing nevirapine induced 
differentiation of AML cells after 5 days) This rapid induction of cell differentiation following 
NNRTI exposure clearly suggests such differentiation is mediated by a mechanism other than 
telomerase inhibition. 

19. For the reasons set forth in paragraphs 12-18 above, one of skill in the art 
would not conclude, based on Ghori's demonstration that certain NRTIs inhibit telomerase 
activity and slow cellular proliferation, that NNRTIs — a structurally distinct class of compounds 
with a distinct mechanism of action— would likewise exert similar effects, be useful for 
counteracting the loss of cellular differentiation, and treating cell proliferation in tumor 
pathologies. 

20. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information and belief are believed to be true; and further 
that these statements were made with the knowledge that willful false statements and the like so 
made are punishable by fine or imprisonment, or both, under section 1001 of Title 18 of the 
United States Code, and that such willful false statements may jeopardize the validity of the 
application or any patent issuing thereon. 
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Exhibit 1: Curriculum Vitae 



Dr Francois Ichas 



Date of birth: 2 May 1969, France 

Nationality : French 

Professional address : 

INSERM U916 "VINCO" - Validation et Identification de Nouvelles Cibles en Oncologie 

Institut Bergonie - 229 cours de I'Argonne - 33076 Bordeaux cedex - France 

Tel : 05.56.33.04.26 Fax : 05.56.33.32.06 E-mail : francois.ichas@inserm.fr 



Scientific Education 



1987-1996 : Medicine School "Paul Broca" University Victor Segalen-Bordeaux 2, Bordeaux 
1996 : Certificate of Clinical and Therapeutical Synthesis. Doctoral School of University Victor Segalen- 
Bordeaux 2 

1996 : Thesis of University Bordeaux 2, Biomedical Sciences 

2001 : Post-doctoral degree (authorization to direct researches - HDR), University of Bordeaux 2 



Employment 



1990-1993: Student in Biology (Lab of Histo-Embryology, University of Bordeaux 2). Profs. R. Maraud & R. 
Stoll 

1993: FEBS short-term fellowship - University of Oxford, Dept. of Human Anatomy (Lab. of Developmental 
Biology, University of Oxford, UK). Encadrement: Pr. CD. Stern 

1993- 1997 : Student (Thesis) in Mitochondrial Biophysics (GESBI, Bordeaux 2 University, France). Prof. J. P. 
Mazat 

1994- 1995: Research Associate of the American Heart Association - University of Virginia (Dept. of 
Neuroscience, University of Virginia, Charlottesville, USA). Dr. J.D. Lechleiter 

1997-1999: Post-Doctoral researcher - Human Frontier University of Padova, Italy (Dept. of Biomedical 
Sciences, CNR-University of Padova, Italy). Profs. P. Bernardi & T. Pozzan 

1999 : Research Associate INSERM (INSERM EMI-U.9929, Victor Segalen/Bordeaux 2 University). Director: 
Prof, J. P. Mazat 

2000 : Group Leader in the European Institute of Biology and Chemistry (IECB)- Bordeaux, France 
2003-2007 : Research Director - Director of the INSERM E.347 team 

2004 : Translational research - CLCC Bergonie (Regional anti-cancer center) / INSERM 
2007- : Department Director -INSERM U916 "VINCO" Validation and Identification of New Targets in 
Oncology 

Valorization and transfer activities 

• Collaborations with many pharmaceutical companies: > 

- Janssen, Johnson & Johnson, Lafon, Organon, Pierre Fabre, Servier, Sanofi-aventis. 

• Founder in 2003 of a biotech company « Fluofarma SA », specialized in High Content Screening (Oncology / 
Neuobiology). CSO. 



Expertise and Honors 

~ 1993 : FEBS & Development (the Company of Biologists Ltd.) Summer Fellowships Unoviersty of Oxford, 
UK 

• 1 994-1 995 : Research scientist contract - American Heart Association University of Virginia, USA 

• 1997-1999 : Human Frontier & Marie Curie (TMR) Research Felloships University of Padova. Italy 

• 1998 : Laureate of the Bioenergeticist Prize 98 - Biophysical Society - 98 Biophysical Meeting (USA, Kansas 
City); Finalist of the Amersham/Science (AAAS) Molecular Biologist Contest 98 

• 2000 : Editor of the Editorial Board of the International Journal "Cell Calcium"; Invited Editor for the special 
"Cell Calcium" entitled "Mitochondrial Calcium Signaling" (volume 28, December 2000) 



Publications 

Synthesis and study of antiproliferative activity of novel thienopyrimidines on glioblastoma cells. 
Pedeboscq S, Gravier D, Casadebaig F, Hou G, Gissot A, De Giorgi F, Ichas F, Cambar J, Pometan JP. 
Eur J Med Chem. 2010 Jun;45(6):2473-9. Epub 2010 Feb 18. 

Recombinant differential anchorage probes that tower over the spatial dimension of intracellular signals for high 
content screening and analysis. 

Schembri L, Zanese M, Depierre-Plinet G, Petit M, Elkaoukabi-Chaibi A, Tauzin L, Florean C, Lartigue L, Medina 
C, Rey C, Belloc F, Reiffers J, Ichas F, De Giorgi F. 
Anal Chem. 2009 Dec 1;81(23):9590-8. 

Outer membrane VDAC1 controls permeability transition of the inner mitochondrial membrane in cellulo during 
stress-induced apoptosis. 

Tomasello F, Messina A, Lartigue L, Schembri L, Medina C, Reina S, Thoraval D, Crouzet M, Ichas F, De Pinto V, 
De Giorgi F. 

Cell Res. 2009 Dec; 1 9(1 2):1 363-76. Epub 2009 Aug 11. 



Anticancer drugs exert differential apoptotic and cytotoxic effects on glioblastoma primary cultures with various 
EGFR and bcl-2 profiles. 

Pedeboscq S, L'Azou B, Passagne I, De Giorgi F, Ichas F, Liguoro D, Pometan JP, Cambar J. 
J Exp Ther Oncol. 2009;8{2):105-16. 

An intracellular wave of cytochrome c propagates and precedes Bax redistribution during apoptosis. 

Lartigue L, Medina C, Schembri L, Chabert P, Zanese M, Tomasello F, Dalibart R, Thoraval D, Crouzet M, Ichas 

F, De Giorgi F. 

J Cell Sci. 2008 Nov 1 ; 1 21 (Pt 2 1 ): 351 5-23. Epub 2008 Oct 7. 

Cytotoxic and apoptotic effects of bortezomib and gefitinib compared to alkylating agents on human glioblastoma 
cells. 

Pedeboscq S, L'Azou B, Passagne I, De Giorgi F, Ichas F, Pometan JP, Cambar J. 
J Exp Ther Oncol. 2008;7(2):99-1 11. 

Spatial relational memory reguires hippocampal adult neurogenesis. 

Dupret D, Revest JM, Koehl M, Ichas F, De Giorgi F, Costet P, Abrous DN, Piazza PV. 

PLoS ONE. 2008 Apr 9;3(4):e1959. 

High content analysis of qamma-secretase activity reveals variable dominance of presenilin mutations linked to 
familial Alzheimer's disease. 

Florean C, Zampese E, Zanese M, Brunello L, Ichas F, De Giorgi F, Pizzo P. 
Biochim Biophys Acta. 2008 Aug; 1783(8): 1551 -60. Epub 2008 Apr 3. 

Localization of Fas/CD95 into the lipid rafts on down-modulation of the phosphatidylinositol 3-kinase signaling 
pathway. 

Beneteau M, Pizon M, Chaigne-Delalande B, Daburon S, Moreau P, De Giorgi F, Ichas F, Rebillard A, Dimanche- 
Boitrel MT, Taupin JL, Moreau JF, Legembre P. 
Mol Cancer Res. 2008 Apr;6(4):604-13. 

Protein argini ne (N)-methyl transferase 7 ( PRMT7) as a potential target for the sensitization of tumor cells to 
camptothecins. 

Verbiest V, Montaudon D, Tautu MT, Moukarzel J, Portail JP, Markovits J, Robert J, Ichas F, Pourquier P. 
FEBS Lett. 2008 Apr 30;582(10):1483-9 Epub 2008 Mar 31. 

Tyrosine hydroxylase and dopamine transporter expression in lactotrophs from postlactating rats: involvement in 
dopamine-induced apoptosis. 

Jaubert A, Drutel G, Leste-Lasserre T, Ichas F, Bresson-Bepoldin L. 
Endocrinology. 2007 Jun;148(6):2698-707. Epub 2007 Mar 15. 
The HA tag is cleaved and loses immunoreactivitv during apoptosis. 
Schembri L, Dalibart R, Tomasello F, Legembre P, Ichas F, De Giorgi F. 
Nat Methods. 2007 Feb;4(2): 107-8. No abstract available. 

Signaling pathway involved in the pro-apoptotic effect of dopamine in the GH3 pituitary cell line. 
Jaubert A, Ichas F, Bresson-Bepoldin L. 
Neuroendocrinology. 2006;83(2):77-88. Epub 2006 Jun 20. 

Amplification of Fas-mediated apoptosis in type II cells via microdomain recruitment. 
Legembre P, Daburon S, Moreau P, Ichas F, de Giorgi F, Moreau JF, Taupin JL. 
Mol Cell Biol. 2005 Aug;25(1 5):681 1 -20. 

Hepatitis C virus core triggers apoptosis in liver cells by inducing ER stress and ER calcium depletion. 
Benali-Furet NL, Chami M, Houel L, De Giorgi F, Vernejoul F, Lagorce D, Buscail L, Bartenschlager R, Ichas F, 
Rizzuto R, Paterlini-Brechot P. 
Oncogene. 2005 Jul 21;24(31):4921-33. 

Oligomeric Bax is a component of the putative cytochrome c release channel MAC, mitochondrial apoptosis- 
induced channel. 

Dejean LM, Martinez-Caballero S, Guo L, Hughes C, Teijido O, Ducret T, Ichas F, Korsmeyer SJ, Antonsson B, 
Jonas EA, Kinnally KW. 

Mol Biol Cell. 2005 May;16(5):2424-32. Epub 2005 Mar 16. 

New functions of an old protein: the eukaryotic porin or voltage dependent anion selective channel (VDAC). 
De Pinto V, Messina A, Accardi R, Aiello R, Guarino F, Tomasello MF, Tommasino M, Tasco G, Casadio R, Benz 
R, De Giorgi F, Ichas F, Baker M, Lawen A. 
Ital J Biochem. 2003 Mar;52(1):17-24. Review. 

RGD-functionalized spherulites as targeted vectors captured by adherent cultured cells. 
Chenevier P, Delord B, Amedee J, Bareille R, Ichas F, Roux D. 
Biochim Biophys Acta. 2002 Dec 16: 1593(1): 17-27. 

Selective targeting of synthetic antioxidants to mitochondria: towards a mitochondrial medicine for 
neurodegenerative diseases? 

Dessolin J, Schuler M, Quinart A, De Giorgi F, Ghosez L, Ichas F. 
Eur J Pharmacol. 2002 Jul 5;447(2-3):1 55-61. 

The permeability transition pore signals apoptosis by directing Bax translocation and multimerization. 
De Giorgi F, Lartigue L, Bauer MK, Schubert A, Grimm S, Hanson GT, Remington SJ, Youle RJ, Ichas F. 
FASEB J. 2002 Apr;16(6):607-9. 

Electrical coupling and plasticity of the mitochondrial network. 

De Giorgi F, Lartigue L, Ichas F. 

Cell Calcium. 2000 Nov-Dec;28(5-6):365-70. 

The mitochondrial permeability transition. 

Bernardi P, Colonna R, Costantini P, Eriksson O, Fontaine E. Ichas F, Massari S, Nicolli A, Petronilli V, Scorrano 
L. 

Biofactors. 1998;8(3-4):273-81. Review. 

A ubiguinone-binding site regulates the mitochondrial permeability transition pore. 

Fontaine E, Ichas F, Bernardi P. 

J Biol Chem. 1998 Oct 2;273(40):25734-40. 



Modulation of cell calcium signals by mitochondria. 

Jouaville LS, Ichas F, Mazat JP. 

Mol Cell Biochem. 1998 Jul;184(1-2):371-6. 

From calcium signaling to cell death: two conformations for the mitochondrial permeability transition pore. 
Switching from low- to high-conductance state. 
Ichas F, Mazat JP. 

Biochim Biophys Acta. 1998 Aug 10;1366(1-2):33-50. 

A model of mitochondrial Ca(2+)-induced Ca2+ release simulating the Ca2+ oscillations and spikes generated by 
mitochondria. 

Selivanov VA, Ichas F, Holmuhamedov EL, Jouaville LS, Evtodienko YV, Mazat JP. 
Biophys Chem. 1 998 May 5;72(1 -2): 111-21. 

Regulation of the permeability transition pore in skeletal muscle mitochondria. Modulation By electron flow 
through the respiratory chain complex i. 
Fontaine E, Eriksson 0, Ichas F, Bernardi P. 
J Biol Chem. 1998 May 15;273(20): 12662-8. 

Mitochondria are excitable organelles capable of generating and conveying electrical and calcium signals. 
Ichas F, Jouaville LS, Mazat JP. 
Cell. 1997 Jun 27;89(7):1 145-53. 

Microtubule-active drugs suppress the closure of the permeability transition pore in tumour mitochondria. 

Evtodienko YV, Teplova W, Sidash SS, Ichas F, Mazat JP. 

FEBS Lett. 1996 Sep 9;393(1):86-8. 

Propofol and cellular calcium homeostasis. 

Sztark F, Ichas F, Mazat JP, Dabadie P. 

Anesthesiology. 1995 Dec;83(6):1386. No abstract available. 

Synchronization of calcium waves by mitochondrial substrates in Xenopus laevis oocytes. 
Jouaville LS, Ichas F, Holmuhamedov EL, Camacho P, Lechleiter JD. 
Nature. 1995 Oct 5;377(6548):438-41. 

Differential effects of verapamil and guinine on the reversal of doxorubicin resistance in a human leukemia cell 
line. 

Bennis S, Ichas F, Robert J. 

Int J Cancer. 1995 Jul 28;62(3):283-90. 
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We investigated the cytotoxic activity of eight thiazolobenzimidazole derivatives on sensitive HL60 and multidrug-resistant 
(MDR) (HL60R) leukaemia cell lines. The antitumour effects of these compounds were compared with those of RS-TBZ, a 
thiazolobenzimidazole derivative, previously described in our reports, that was able to induce apoptosis more markedly in 
MDR cells than in the parental sensitive cell lines. Only two compounds in this study proved to have interesting effects: (a) 
the S-enantiomer of TBZ, that was able to induce apoptosis in MDR cells in a slightly more selective manner than TBZ 
(racemic form); and (b) TBZ-4-OCH3 (TBZ-4-OCH3), that showed cytotoxic and apoptotic effects on sensitive and resistant 
leukaemia cells greater than TBZ, without cytotoxic effects on normal haemopoietic progenitor cells. Moreover, we observed 
that TBZ-4-OCH3 was also active in cells expressing Bcr-Abl, an oncogene that confers resistance to apoptosis induced by 
several stimuli, including cytotoxic agents. The inhibition of caspase-9 and caspase-3 by specific polypeptide inhibitors 
decreased the apoptotic effects of TBZ-4-OCH3 in HL60 cells indicating that apoptosis induced by this compound was, at 
least partly, caspase-mediated. On the contrary, the blocking of FL-associated cell surface antigen (Fas) using a specific Fas 
-blocking monoclonal antibody did not affect the level of apoptosis induced by TBZ-4-OCH3 suggesting that the Fas pathway 
was not involved. In addition, the caspase 8 inhibitor was unable to inhibit the apoptotic activity of TBZ-4-OCH3. The very low 
toxicity shown by TBZ-4-OCH3 in normal haemopoietic progenitor cells and its high activity in sensitive and MDR neoplastic 
cells suggest a possible clinical use for this new compound. 
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have recently observed that the 2,6-difiuorophenyl- 
thiazolobenzimidazole derivative called TBZ (RS-TBZ) 
was able to induce apoptosis selectively in the P-glyco- 
protein (Pgp)-expressing multidrug resistant (MDR) 
HL60R cell line [12]. This property was particularly 
interesting considering that in our study several classical 
antineoplastic agents were unable to induce apoptosis in 
HL60R cells when used at concentrations able to over- 
come the effects of Pgp. However, TBZ had a low cyto- 
toxic activity: in fact it was active only at concentration 
of approximately 50 uM. Thus, in this work, we inves- 
tigated the apoptotic activity in neoplastic cells of novel 
thiazolobenzimidazole derivatives in order to identify 
compounds more active than TBZ. The toxic effects on 
haemopoietic normal cells were also investigated. 



2. Materials and methods 

2.1. Cell culture 

Continuous neoplastic cells (HL60, HL60R, K562 
and K562ADR) were grown in Roswell Park Memorial 
Institute (RPMI) 1640 (Gibco Grand Island, NY, USA) 
containing 10% fetal calf serum (FCS) (Gibco), 100 U/ 
ml penicillin (Gibco), 100 ug/ml streptomycin (Gibco), 
and 2 mM L-glutamine (Sigma Chemical Co., St Louis, 
MO, USA) in a 5% C0 2 atmosphere at 37°C. MDR 
HL60R and K562ADR cells were selected from par- 
ental sensitive HL60 and K562 cells by continuous 
exposure to increasing concentrations of daunorubicin 
(HL60R) or doxorubicin. 

2.2. Chemicals 

Daunorubicin, etoposide and mitoxantrone were pur- 
chased from Sigma Chemical Company. The caspase 
inhibitors Ac-DEVD-CHO (acetyl-Asp-Glu-Val-Asp- 
aldehyde), Ac-Z-LEHD-fmk (Z-Leu-Glu(Ome)-His- 
Asp(Ome)-fmk), Ac-IETD-CHO (N-acetyl-Ile-Glu- 
Thr-Asp-CHO) (aldehyde) and Z-VAD-fmk (benzyl- 
oxycarbonyl-Val-Ala-Asp-fluoromethy! ketone) were 
purchased from Alexis Biochemicals (Laufelfingen, 
Switzerland). The Fas agonistic antibody CHI 1 and the 
anti-Fas Ab ZB4 were purchased from Upstate Bio- 
technology (Lake Placid NY, USA). All other reagents 
were analytical grade. 

2.3. Synthesis of thiazolobenzimidazole derivatives 
(TBZs) 

The one-pot synthesis of 1H, 3H-thiazolo[3,4-a]ben- 
zimidazoles (TBZs) was carried out by a condensation- 
cyclisation reaction between o-phenylenediamine 1, 
aromatic aldehydes 2 and mercaptoacetic acid 3 in 
refluxing benzene (18a,b) as shown in Fig. 1. 



In order to explore the influence of molecular mod- 
ifications on biological activity, we synthesised deriva- 
tives with substituents on the C-l phenyl ring having 
different electronic, steric and lipophilic properties. The 
compounds were obtained in good yields and char- 
acterised by spectroscopic methods. 

2.4. Drug preparation 

Each thiazolobenzoimidazole derivative was dissolved 
in dimethylsulphoxide (DMSO) in a stock solution at a 
concentration of 20 mM, stored at — 20°C and protected 
from the light. In each experiment, DMSO never excee- 
ded 0.5% and this percentage did not interfere with cell 
growth. 

2.5. Cytotoxicity assays 

To evaluate the number of live and dead neoplastic 
cells, the cells were stained with trypan blue and coun- 
ted on a haemocytometer. To determine the growth 
inhibitory activity of the drugs tested, 2xl0 5 cells were 
plated into 25 mm wells (Costar, Cambridge, UK) in 1 
ml of complete medium and treated with different con- 
centrations of each drug. After 48 h of incubation, the 
number of viable cells was determined and expressed as 
a per cent of control proliferation. To evaluate the 
cytotoxic effects on the haemopoietic progenitor cells, 
mononucleated cells obtained from bone marrow aspi- 
rates of five normal volunteers were treated with differ- 
ent concentrations of each drug. The in vitro clonal 
assays for haemopoietic progenitor cells were performed 
as described in Ref. [13]. Briefly, 3-5 ml bone marrow 
were diluted in RPMI 1640, layered over Ficoll-Hypa- 
que gradients (density, 1 .077), centrifuged at 400g for 30 
min, and the interface mononuclear cells collected. The 
interface cells were washed three times in phosphate 
buffered saline (PBS), counted, and resuspended at a 
concentration of 1x10 s in modified Eagle medium 
(MEM) containing 0.9% methylcellulose, 30% FCS, 10- 
5 M 2-mercaptoethanol, 5% phytohemoagglutinin lym- 
phocyte culture medium (PHA-LCM), and 1 IU human 
erythropoietin in 15-mm plastic dishes. After 14 days of 
culture at 37°C in an environment of 5% C0 2 and 100% 
humidity, the number of colony forming unit (CFU)- 
multipotential (GEMM), CFU-granulocyte-macrophage 
(GM), and CFU-erythroid (E) was evaluated. 

2.6. Flow cytometry analysis of the cell cycle and 

The cells were washed once in ice-cold PBS and 
resuspended at lxlO 6 ml in a hypotonic fluorochrome 
solution containing propidium iodide (Sigma) 50 ug/ml 
in 0.1% sodium citrate plus 0.03% (v/v) nonidet P-40 
(Sigma). After a 30 min incubation, the samples were 
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filtered through Nylon cloth, and their fluorescence was 
analysed as single-parameter frequency histograms 
using a fluorescent activated cell sorter (FACScan) flow 
cytometer. Apoptosis was determined by evaluating the 
percentage of hypoploid nuclei accumulated in the sub- 
G 0 G] peak after labelling with propidium iodide [13]. 

2.7. Morphological evaluation of apoptosis and necrosis 

Drug-induced apoptosis and necrosis were determined 
morphologically after labelling with acridine orange and 
ethidium bromide [14]. The cells (2xl0 5 ) were cen- 
trifuged (300g) and the pellet was resuspended in 25 ul 
of the dye mixture. Ten microlitres of the mixture was 
examined in oil immersion with a lOOx objective using a 
fluorescence microscope. Live cells were determined by 
the uptake of acridine orange (green fluorescence) and 
exclusion of ethidium bromide (red fluorescence). Live 
and dead apoptotic cells were identified by perinuclear 
condensation of chromatin stained by acridine orange 
or ethidium bromide, respectively, and by the formation 
of apoptotic bodies. Necrotic cells were identified by 
uniform labelling of the cells with ethidium bromide. 



3.1 . Cytotoxicity assay 

The chemical structure of the new thiazolobenzoimi- 
dazole derivatives used in this study are shown in Fig. 1. 
The stability and the solubility in DMSO was examined 
and no difference was observed between the new deri- 
vatives and TBZ (RS-TBZ). Table 1 shows the cytotoxic 
activity, expressed as inhibitory concentration (IC) 50 
and 1C90, of these compounds in sensitive HL60 and 
MDR HL60R cells. TBZ-4-OCH 3 (TBZ-4-OMe), char- 
acterised by the presence of a methoxy group at the 4- 
position of the C-l phenyl substituent, was the most 
active compound in both the sensitive and resistant cell 
lines. Compounds TBZ-2,3-(OCH 3 ) 2 and TBZ-2,6-Cl 2 
showed a slightly higher cytotoxic activity in HL60 cells 
compared with RS-TBZ, but were less effective in the 
resistant HL60R cells. The R-enantiomer of TBZ was 
more active than RS-TBZ in both the sensitive and 
resistant cells, while the S-enantiomer was more active 
in the HL60R cell line but less active in the sensitive 
cells. 
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3.2. Effects of TBZ derivatives on normal 
haematopoietic precursors 

To evaluate the myelotoxicity induced by TBZ deri- 
vatives, we studied the effects of RS-TBZ, R-TBZ, S- 
TBZ and TBZ-4-OCH 3 on the growth of human hae- 
mopoietic progenitors CFU-GEMM, CFU-GM and 
CFU-E by clonal assay (Fig. 2). At the concentrations 
active on HL60 and HL60R cells, the racemic TBZ and 
the R- and S- enantiomers did not show any toxicity on 
CFU-GEMM and CFU-GM, while, a considerable 
toxicity was observed on erythroid precursors when 
these drugs were used at concentrations greater than 
75 uM. Interestingly, TBZ-4-OCH 3 did not show any 
inhibition of myeloid and erythroid precursors when 
used at concentrations greater than those active in 
HL60 or HL60R cells (25 uM). 



3.3. Apoptosis and cell cycle 

Fig. 3(a) and (b) shows the apoptotic effects of RS- S- 
and R-TBZ used at concentrations of 50 uM, 75 jiM 
and 100 uM in HL60 and HL60R cells. At all con- 
centrations used, S-TBZ was the less active in HL60 
cells, but it showed an apoptosis-inducing activity simi- 
lar to RS- and R-TBZ in the MDR HL60R cells. 

TBZ-4-OCH 3 was the thiazolobenzoimidazole deri- 
vative that was more active in inducing apoptosis in 
HL60 and HL60R cell lines. It was approximately 24- 
fold more active than R-TBZ in HL60 cells and 
approximately 5-fold more active than RS-, S and R- 
TBZ in the HL60R cells, respectively (Fig. 3c). Flow 
cytometry assay shows an evident apoptotic pre-GoGr 
peak with a decrease of cells in the G 0 G, -phase in the 
HL60 and HL60R cells treated with 5 or 10 uM TBZ-4- 




S-TBZ (uM) 



TBZ-4-OCH 3 (uM) 



Fig. 2. Effects of (a) RS-TBZ; (b) R-TBZ; (c) S-TBZ and (d) TBZ-4-OCH 3 on colony forming unit (CFU) GEMM, CFU-GM and CFU-E. Results 
are means istandard deviation (S.D.) of five experiments performed on mononucleated cells obtained from bone marrow aspirates of five normal 
volunteers. CFU-GEMM, colony forming unit-multipotential; CFU-GM, colony forming unit-granulocyte macrophage; CFU-E, colony forming 
unit-erythroid. 
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OCH 3 (Fig. 4). Interestingly, TBZ-4-OCH 3 was also 
able to induce apoptosis in the K562 cells, a fusion 
product of the bcr and c-Abelson genes (Bcr-Abl)- 
expressing cell line that is resistant to apoptosis caused 
by several cytotoxic agents. As shown in Table 2, che- 
motherapeutic drugs commonly used in the treatment of 
leukaemia, such as daunorubicin, etoposide and mitox- 
antrone, were able to induce apoptosis in K562 cells 
only at concentrations many times greater than those 
effective in the HL60 cells. On the contrary, the activity 
of TBZ-4-OCH3 . in the K562 cells and in the MDR 
counterpart K562ADR was similar to that observed in 
HL60 and HL60R cells (Fig. 3c and d). These data 
indicate that the apoptosis-inducing activity of TBZ-4- 
OCH3 is unaffected by the presence of the Bcr-Abl 
oncogene in the neoplastic target cells. Moreover, we 
examined whether TBZ-4-OCH 3 was able to reverse the 



MDR in HL60R and K562ADR cells. We treated these 
MDR cell lines with different subtoxic concentrations of 
TBZ-4-OCH3 (0.1, 0.5 or 1 uM) and, after 2 h, with 
daunorubicin (0.1 ug/ml for HL60R and 0.25 ug/ml for 
K562ADR). TBZ-4-OCH, did not modify the resistance 
(in terms of cytotoxicity and apoptosis) to daunor- 
ubicin. On the contrary, verapamil used at a concentra- 
tion of 5 ug/ml, or cyclosporin A (2 ug/ml) were able to 
sensitise MDR cells to the cytotoxic effects of dauno- 
rubicin (data not shown). 

3.4. Effects of Fas and caspase inhibitors on the 
apoptosis induced by TBZ-4-OCH 3 

Previously, we observed that HL60 is a cell line that 
expresses the cell death receptor Fas and these cells 
undergo apoptosis after treatment with the agonistic 




TBZ-4-OCH3 (uM) 



TBZ-4-OCH3 (jiM) 



Fig. 3. Apoptosis-inducing activity, evaluated by morphological examination of RS-TBZ, R-TBZ, S-TBZ and TBZ-4-OCH, in HL60 and HL60R 
cell lines (a, b and c). (d) Apoptosis-inducing activity of TBZ-4-OCH 3 in K562 and K562ADR cells. Results are means istandard deviations (S.D.) 
of at least five experiments. 
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anti-Fas monoclonal antibody CH 1 1 [1 5]. To understand 
if TBZ-4-OCH 3 -induced apoptosis was Fas-mediated, we 
treated HL60 cells with a Fas-blocking monoclonal 
antibody (ZB4) or with the caspase 8 inhibitor Ac-IETD- 
CHO, and, after 2 h with 2.5 uM TBZ-4-OCH 3 . As 



shown in Fig. 5, these inhibitors were unable to inhibit 
TBZ-4-OCH r induced apoptosis which was, on the 
contrary, partially inhibited by the pan-caspase inhibitor 
Ac-Z-VAD-fmk, by the caspase 9 inhibitor Ac-Z-LHED- 
fmk and by the caspase 3 inhibitor Ac-DEVD-CHO. 




200 400 600 



400 600 800 1000 



0 - 120 » 

o « jL ° so - Jjji 

■ mm , ,..„ .JAP*. 



„,„„„,„■„ ,, ,„„„, ■ ■„■■, 

400 600 800 1000 
Cell cyde distribution 

Fig. 4. Flow cytometric assay of cell cycle distribution of HL60 and HL60R cells after 48 h exposure to TBZ-4-OCH 3 . (a) Untreated HL60 cells; (b) 
untreated HL60R cells; (c) HL60 cells treated with S uM TBZ-4-OCH 3 ; (d) HL60R cells treated with 5 uM TBZ-4-OCH 3 ; (e) HL60 cells treated with 
10 M M TBZ-4-OCH 3 and (f) HL60R cells treated with 10 uM TBZ-4-OCH 3 . 
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TBZ-H 


75 (±8) 


180 (±13) 


120 (±18) 


210 (±11) 
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25 (±4) 
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100 (±12) 


250 (±25) 


TBZ-2,3-(OCH 3 ) 


23 (±3) 


100 (±9) 


120 (±20) 


280 (±23) 


TBZ-3-OCH 3 


40 (±16) 


240 (±17) 


75 (±8) 
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80 (±6) 


250 (±17) 


130 (±16) 


300 (±22) 


RS-TBZ 


50 (±9) 


150 (±13) 


55 (±5) 
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25 (±3) 


75 (±9) 


R-TBZ 


25 (±4) 


85 (±12) 


20 (±3) 


60 (±8) 


TBZ-4-OCHj 


1 (±0.2) 


5 (±0.2) 


3 (±0.4) 


10 (±2) 


Evaluation after 48 h of treatment. Results are means 


±S.D. of at 



least five experiments. 

IC50, inhibitory concentration required for 50% inhibition; IC90, 
inhibitory concentration required for 90% inhibition; S.D., standard 



4. Discussion 

TBZ is an anti-HIV thiazolobenzoimidazole deriva- 
tive able to inhibit the HIV-1 reverse transcriptase [16- 
19]. We had previously observed that TBZ was active as 
an antitumoral agent both in sensitive and MDR cell 
lines when used at concentrations higher (75-100 uM) 
than those required to exert its antiviral activity (1 uM). 
Furthermore, TBZ has been shown to inhibit the 
growth of leukaemic HL60 cells with a recruitment in 
the G 0 G| phase of the cell cycle. Moreover, it induced a 



Table 2 

Apoptosis inducing activity evaluated as AC70 (drug o 
able to induce 70% apoptosis) of TBZ-4-OCH 3 and other antitumoral 
drugs in HL60 and K562 cell lines 

AC70 (uM) 



HL60 



K562 



0.028 (±0.005) 0.56 (±0.1) 

0.1 (±0.02) KM) (±20) 

0.005 (±0.001) 0.5 (±0.09) 
3.8 (±0.7) 8 (±1.6) 



Evaluation after 48 h of treatment. Results are means ±S.D. c 
isl five experiments. S.D., standard deviation. 
a Ratio between AC70 in K562 cells and AC70 in HL60 cells. 



more marked apoptosis in MDR HL60R cells com- 
pared with the sensitive parental HL60 cell line [12]. In 
this study, the antitumour activity of novel thiazolo- 
benzoimidazole derivatives was investigated, which were 
synthesised with the aim of identifying more active TBZ 
analogues. The compounds TBZ-2,6-CI 2 and TBZ-2,3- 
(OCH 3 ) 2 , were more active than RS-TBZ in HL60- 
sensitive cells, but were less effective in the MDR 
HL60R cells. The R and S enantiomers of TBZ showed 
a similar cytotoxicity in the HL60R cells, while, in the 
sensitive HL60 cells, the activity of these enantiomers 
was markedly different, especially in terms of the 
induction of apoptosis. In fact, the S-enantiomer com- 
pletely failed to induce apoptosis when used at a con- 
centration of 100 uM. In contrast, the R-enantiomer 
exhibited a similar apoptotic activity in the HL60 cells 
to that observed in the HL60R cells. These data indicate 
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TBZ-4-OCH3 TBZ-4-OCH 3 TBZ-4-OCH3 TBZ-4-OCH 3 TBZ-4-OCH 3 TBZ-4-OCH 3 

ZB4 Ac-IETD-CHO Z-VAD-fmk Ac-Z-LHED-fmk Ac-DEVD-CHO 

Fig. 5. Effects of the Fas-blocking monoclonal antibody ZB4, the caspase-8 inhibitor Ac-IETD-CHO, the pan-caspase inhibitor Z-VAD-fmk, the 
caspase-9 inhibitor Ac-Z-LEHD-fmk, and the caspase-3 inhibitor Ac-DEVD-CHO on the apoptotic-inducing activity of TBZ-4-OCH 3 in HL60 
cells. Cells were incubated with 200 (jM of each caspase inhibitor or with 0.5 ug/ml of ZB4 and, after 2 h, with 5 uM TBZ-4-OCH 3 . Evaluation was 
after 24 h of treatment. Results are means ±standard deviation (S.D.) of at least five experiments. 
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that the selective apoptosis-inducing activity of RS-TBZ 
in MDR cells depends only on the presence of the S- 
component of the racemic compound. 

The derivative TBZ-4-OCH 3 was the most active 
compound identified in this study. It showed an IC50 25 
times lower than TBZ-2,6-Cl 2 and 23 times lower than 
TBZ-2,3-(OCH 3 ) 2 , in HL60 cells and approximately 7 
and 8 times lower than the R- and S-TBZ derivatives, 
respectively, in the HL60R cells. TBZ-4-OCH 3 induced 
cytotoxicity in HL60 cells at concentrations comparable 
with those required for TBZ to exert its antiviral activity 
(1 uM). Moreover, TBZ-4-OCH 3 did not show any 
toxicity in normal haemopoietic progenitor cells, even 
when used at high concentrations (25 uM). We also 
observed that TBZ-4-OCH 3 exerts its antitumour activ- 
ity by primarily inducing programmed cell death in the 
target cells. This activity is, at least in part, caspase- 
mediated, as shown by the ability of caspase inhibitors 
to reduce the percentage of apoptotic cells. In parti- 
cular, caspase 9 and caspase 3 seem to be involved in the 
TBZ-4-OCH 3 -induced apoptosis. On the contrary, 
apoptosis was not modified by the inhibitor of caspase 
8. Moreover, the use of a Fas receptor blocking mono- 
clonal antibody did not inhibit apoptosis, confirming 
that the Fas pathway is not involved in the programmed 
cell death induced by TBZ-4-OCH 3 . Another important 
property of this compound was its activity in cells 
expressing the Philadelphia chromosome such as the 
K562 cell line. The Philadelphia chromosome is the 
product of a reciprocal exchange between the long arms 
of chromosomes 9 and 22. This fusion event results in a 
hybrid gene in which the amino terminal sequence of the 
bcr gene on chromosome 22 is fused to the second exon 
of the c-abl gene on chromosome 9 [20]. The resulting 
Bcr-Abl protein product is an oncoprotein that confers 
resistance to apoptosis induced by many anticancer 
drugs such as etoposide, actinomycin D, cycloheximide 
and dexamethasone [3,21-24]. We observed that TBZ-4- 
OCH 3 induced apoptosis in K562 cells when used at a 
concentration only 2.1 higher than the concentration 
effective in HL60 cells. These data are significant con- 
sidering that drugs commonly used in the treatment of 
leukaemia such as daunorubicin, etoposide and mitox- 
antrone are active in terms of apoptosis, in K.562 cells at 
concentrations many times higher than the concentra- 
tions that are active in HL60 cells. 

In conclusion, two interesting thiazolobenzoimidazole 
derivatives have been identified: the S-TBZ, char- 
acterised by a selective action in MDR cells greater than 
that previously described for the racemic TBZ, and the 
TBZ-4-OCH 3 that showed a potent antitumour activity 
in sensitive and MDR leukaemia cells with very low 
toxic effects in normal haemopoietic progenitor cells. 
Like TBZ, these thiazolobenzoimidazole derivatives 
exert their antitumour effects by activating the pro- 
grammed cell death pathway. At the moment, the 



mechanisms of the selective activity in MDR cells 
shown by S-TBZ are not known; however, this property 
may be useful in the treatment of MDR malignancies to 
selectively kill only Pgp-expressing neoplastic cells while 
preserving Pgp-negative normal cells. 



References 

1. Collins RJ, Harmon BV, Souvlis T, Pope JH, Kerr JFR. Effects 
of cycloheximide on B-chronic lymphocytic leukaemic and nor- 
mal lymphocytes in vitro: induction of apoptosis. Br J Cancer 
1991,64, 518-522. 

2. Walker PR, Smith C, Youdale T, Leblanc J. Whitfield JF, 
Sikorska M. Topoisomerase H-reactive drugs induce apoptosis in 
thymocytes. Cancer Res 1991, 51, 1078-1084. 

3. Martins LM, Mesner PW, Kottke TJ, el al Comparison of caspase 
activation and subcellular localization in HL-60 and K562 cells 
undergoing etoposide-induced apoptosis. Bhoa '1997, 1 1, 4283- 4246 

4. Vial JP, Belloc F, Dumain P, et al. Study of the apoptosis 
induced in vitro by antilumoral drugs on leukaemic cells. Leuke- 
mia Res 1997,21, 163-172. 

5. Salvesen GS, Dixit VM. Caspases: intracellular signaling by pro- 
teolysis. Cell 1997, 91, 443-446. 

6. Alnemri ES. Mammalian cell death proteases: a family og highly 
conserved aspartate specific proteases. J Cell Biochem 1997, 64, 
33-42. 

7. Decaudin D, Geley S, Hirsch T, et al. Bcl-2 and Bcl-xL antag- 
onize the mitochondrial dysfunction preceding nuclear apoptosis 
induced by chemotherapeutic agents. Cancer Res 1997, 57, 62-67. 

8. Nagata S, Golstein P. The Fas death factor. Science 1995, 267, 
1449-1455. 

9. Friesen C, Heir 1, Krammcr PH, Dcbatin K-M. Involvement of 
the CD95 (APO-l/Fas) receptor/ligand system in drug-induced 
apoptosis in leukemia cells. Nature Med 1996, 5, 574-577. 

10. Muller M, Strand S, Hug H, et al. Drug-induced apoptosis in 
hepatoma cells is mediated by the CD95 (APO-/Fas) receptor/ 
ligand system and involves activation of wild-type p53. J Clin 
Invest 1997, 99, 403-413. 

1 1. Fulda S, Sieverts H, Friesen C, Herr I, Debatin KM. The CD95 
(APO-/Fas) system mediates drug-induced apoptosis in neuro- 
blastoma cells. Cancer Res 1997, 57, 3823-3829. 

12. Grimaudo S, Tolomeo M, Chimirri A, Zappala M, Gancitano RA, 
D'Alessandro N. Selective induction of apoptosis in multidrug 
resistant HL60R cells by the thiazolobenzoimidazole derivative I- 
(2,6-difluorophenyl)-lH,3H-thiazolo 3,4-a(benzimidazole) (TBZ). 
Eur J Cancer 1998, UA, 1756-1763. 

13. Darziynkiewick Z, Bruno S, Del Bino G, et al. Features of 
apoptotic cells measured by flow cytometry. Cytometry 1992, 13, 
795-798. 

14. Duke RC, Cohen JJ. Morphological and biochemical assays of 
apoptosis. In Coligan JE, Kruisbeak AM, et al., eds. Current Pro- 
tocols in Immunology. New York, John Wiley & Sons, 1 992, 3.17.1. 

15. Tolomeo M, Grimaudo S, Cannizzo G, et al. Implication of Fas/ 
APO-1 and NF-kB in resistance to drug-induced apoptosis in 
MDR leukemic cells. Haematohgica 1999, 84, 291. 

16. Hizi A, Tal R. Shaharabany M, et al. Specific inhibition of the 
reverse transcriptase of human immunodeficiency virus type 1 
and the chimeric enzymes of human immunodeficiency virus type 
1 and type 2 nonnucleoside inhibitors Antunicroh Agent* Che- 
mother 1993, 37, 1037-1042. 

17. Artico M. Non nucleoside anti-HIV reverse transcriptase inhibi- 
tors (NNRTIs); a chemical survey from lead compounds to select 
drugs for clinical trials. // Farmaco 1996, 51, 305 331 . 

18. Chimirri A, Grasso S. Molica C, et al. Structural features and 
anti-HIV activity of the isomers of l-(2'.6'-difiuorophenyl)- 



S. Grimaudo et al. I European Journal of Cancer 37 ( 2001 ) 122 -130 



lH,3H-thiazolo(3,4-a)benzimidazole, a potent non-nucleoside 
HIV-1 reverse transcriptase inhibitor. Antiviral Chem Chemother 
1997, 8, 83 90. 

19. Chimirri A, Grasso S, Monforte AM, Monforte P, Zappala' M. 
Anti-HIV agents II: synthesis and in vitro anti-HIV activity of novel 
lH,3H-thiazolo(3,4-a)benzimidazoles. II Farmaco 1991,46,925-933. 

20. Groeffen J, Heistenkamp N. The BCR/ABL hybrid gene. In 
Goldman JM, ed. Chronic Myeloid Leukemia. London, Bailliere 
Tindall, 1987, 983 -999. 

21. Bedi A, Zehnbauer A, Barber J, Sharkis S, Jones R. Inhibition of 
apoptosis by BCR-ABL in chronic myeloid leukemia. Blood 
1994, 83, 2038-2040. 



22. McGahon A, Bissonette RP, Schmitt M, Cotter K, Green DR, 
Cotter TG. Bcr-Abl maintains resistance of chronic myelogen- 
ous leukemia cells to apoptotic cell death. Blood 1994, 83, 1 179- 
1187. 

23. McGahon JA, Brown DG, Martin SJ, et al. Downregulalion of 
Bcr-Abl in K562 cells restores susceptibility to apoptosis: char- 
acterization of the apoptotic death. Cell Death Different 1997, 4, 
95 104. 

24. Bedi A, Barber JP, Bedi GC, et al. BCR-ABL-mediated inhibi- 
tion of apoptosis with deley of G2/M transition after DNA 
damage: a mechanism of resistance to multiple anticancer agents. 
Blood 1995,86, 1148-1158. 



Exhibit 3: White et al, "Telomerase Inhibitors," Trends in Biotech. 1 9(3): 1 1 4-1 20 (2001). 



7 Kt'NDS in Biotechnology Vol.19 No.3 March 21 



•1 Hidalgo. I. iincl Demple. B (1994) An iron sulfur 
ccntet essoin la I lot i i.-him i tptlorial activation by 
liieiodox sensing SoxR piotein EMBO.I 
13,138-146 

5 Ding, H. etal. (1996) The redox state of the 
[2Fe-2S] clusters in SoxR protein regul .it es it s 
activity as a transcript Ion factor. J. Biol Chan. 
271,33173-33175 

6 Gaudu. P. and Weiss, B. (1996) SoxR, a [2Fe-2S] 
transcription factor, is active only in its oxidized 
form. Proc. Natl. Acad. Sci U. S. A. 

93, 10094-10098 

7 Hidalgo. E and Demple. B. (1 997) Spacing of 
promoter elements regulates tin basal expression 
oftlKso.v.SgeueatKhoiivertsSe.xRfron.a 
transcriptional activator into a repressor 
EMBO J. 16, 1056-1065 

8 Out ten, CF. etal (1999) DNA distortion 
mechanism for transcriptional activation by 
ZntR. a Zn(IR -responsive MerR homologue in 
Escherichia coli J Biol. Chan. 274, 3751 7-37524 

9 Ding, H.G and Demple. B, (1997) In Who kinetics 
of a redox-regulated transcriptional switch. Proc. 
Natl. Acad. Sci. U. S. A. 94, 8445-8449 

0 Gaudu. P. etal. (1997) Regulation of the soxRS 
oxidative stress regulon Revei^lbleoxfdation of 
the Fe-S centers of SoxR in vivo. J. Biol. Chem. 
272.5082 5086 

1 Hidalgo, E. etal (1997) Redox signal 
transduction: mutations shifting (2Fe-2Sl centers 
of the SoxR sensor regulator to the oxidized fonri 
OZ/88. 121-129 

2 Kobayashl, K. and Tagawa. S, (1999) Isolation of 
reductase for SoxR that governs an oxidative 
response regulon from Escherichia coli. FEBS 
Lett. 451.227-230 



23 Llochev. SI and Frldovlch. 1 (19921 Fumarase 
C the stable fumarase of Ixchertchta coli. is 
controlled by the soxUS regulon Proc. Natl. 
Acad Sci. U. S. A. 89, 5892- 5896 

24 Nunoshiba, T. etal. (1 995) Roles of nitric oxide in 

Inducible resistance »i liellchm mil to 

activated murine macrophages Infect. Immun 
63. 794-798 

2 5 Nunoshiba. T. etal. (1 993) Activation by nitric 
oxide of an oxldattve-stress response that defends 
Escherichia coli agait ist ac t Ival >-d macrophages. 
Proc. Natl. Acad. Sci. U. S. A 90, 9993 9997 

26 Ding, I I. and Demple, B (2000) Direct nitric 
oxide signal transductlc 



tegl 



r. Proc. A 



rwistman. M F e. 
for defense 



,s<ripl,»r, 



1 Sci USA 



Salmonella 



typhimurium. Cell 41, 753-762 
!9 Chrlstman. M F. etal. (1989) OxyR. a posltivi 
regulator of hydrogen peroxide inducible gen 
Escherichia coli and Salmonella typhimurim 
homologous toa family of bacterial regulator 
proteins Proc. Natl. Acad Sci. U. S. A. 86. 
3484-3488 

10 Hauslarlen. A etal (1996) Nitrosatlve stress 
activation of the transcription factor OxyR 
Cell 86. 719 -729 



(1997) A 



IcRNA 



(2 Gonzalez- Flecha, B. and Demple, B (1H9H) Role 
for the oxyS gene in regulation of Intracellular 
hydrogen peroxide In Escherichia coli. 
J. Bacteriol 181. 3833-3836 

13 Altuvia, S. etal. (1998) The Escherichia coli 
OxyS regulatory RNA represses Ihl.A translation 
by blocking ribosome binding. EMBO J 1 7, 



4 Zhang, A. etal (19981 HieO.wS legulatory RNA 

represses rpoStranslation and binds the Hfq 
(HF D protein. EMBO J. 1 7. 6061 -6068 

5 Storz. G. etal. (1990) Transcriptional 
regulator of oxidative stress-inducible genes 
direct activation by oxidation. ScienceUS. 
189 194 

6 Toledano, M B. etal. (1994) Redox -dependent 
shift ofOxyR DNA contacts along art 
extended DNA -binding site a mechanism for 
differential promoter selection. Cell 

7 Gonzalez- Flecha. B and Demple, B (1997) 
Transcriptional r egulation of the Escherichia 
coli oxyR gene as a f unction of cell growth . 

J. Bacteriol. 179, 6181-6186 

8 Gonzalez Flecha. B. and Demple. B. (1997) 



lot im 



ccllulai 



hydrogen peroxide concentration in aeroblcally 
growing Escherichia coli. J. Bacteriol. 179. 
382-388 

® Zheng, M. etal. (1998) Activation of the OxyR 
transcription factor by reversible disulfide bond 
formation. Science 279, 1718-1721 
0 Aslund, F. et al. (1 999) Regulation of the OxyR 
cription factor by hydrogen peroxide and 



there 



cad. Sci ti S 



s Proc 



31-6165 



Telomerase inhibitors 



Laura K. White, Woodring E. Wright and Jerry W. Shay 



There has been a vast increase in telomerase research over the past several 
years, with many different pre-clinical approaches being tested for inhibiting 
the activity of this enzyme as a novel therapeutic modality to treat malignancy. 
In this review, we will provide some basic background information about 
telomeres and telomerase and then discuss the pros, cons and cha llenges of 
the approaches that are currently under investigation, and what we might 
expect in the future of this emerging field. 



Telomeres are repetitive DNA sequences at the ends 
of linear chromosomes that protect the termini from 
being recognized as double-strand breaks. Without 
telomeres, the ends of the chromosomes would be 
'repaired', leading to chromosome fusion and massive 
genomic instability. In humans, the telomeres 
typically contain 5-15 kb pairs of repeating ttaggg 
sequences, With each cell division, telomeres shorten 
by 50-200 bp because the lagging strand of DNA 
synthesis is unable to replicate the extreme 3' end of 
the chromosome (the 'end replication problem'; 
Fig. 1). Normal cultured human cells havea limited 



replication potential in culture. As first described by 
Hayflick 1 , normal cells In culture replicate until they 
reach a discrete point at which population growth 
ceases. This Is termed the Phase J II or M 1 stage and is 
caused by the shortening of a few telomeres to a size 
t hat leads m a growl h arrest < ailed 'cellular 
senescence'. A popular misconception is that cellular 
senescence leads to cell death rather than to a stable 
non dividing state. This stage can be bypassed in vitro 
by abrogation of the function of the p53 and pRB 
human tumor suppressor genes 2 . The cells can then 
replicate until the telomeres have become critically 
shortened, which produces the M2 or crisis stage. As 
opposed to M 1 , the net growth arrest in the M2 or 
crisis stage is caused by a balance between the cell 
proliferation and cell death rate. At this stage, when 
most of the telomeres are extremely short, end-to-end 
fusions and chromosome breakage-fusion cycles cause 
marked chromosomal abnormalities and apoplosis. 
Under rare circumstances a cell can escape M2 and 
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become immortal by stabilizing the length of its 
telomeres. This almost always occurs t hrougli t he 
activation of the enzyme telomerase 3 ' 4 . 

I elomerase Is a unique ribonucleoprotein enzyme 
that is responsible for adding the telomeric repeats 
onto the 3' endsof chromosomes 5 (Fig. 2). It has two 
major components as well as many associated proteins 
that are critical for proper function. The first major 
component Is a functional or template RNA, the human 
telomerase RNA (hTR), which contains an 1 1 bp 
sequence that serves as the template on which 
telomeric repeats are added to the chromosome. The 
second major component is the human telomerase 
reverse transcriptase (hTERT) catalytic subunit. The 
ability of cells to express telomerase activity is limited 
by the presence or absence of hTERT because all human 
somatic cells constltutively contain hTR (Ref. 6) . 

Telomerase activity has been found in -85- 90% of 
all human tumors but not in adjacent normal cells 4 . It 
has thus been hypothesized that for a tumor cell to 
undergo sustained proliferation beyond the limits of 
cellular senescence. It must reactivate telomerase or 
an alternative mechanism In order to maintain 
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telomeres. This makes telomerase a target not only for 
cancer diagnosis but also for the development of novel 
therapeutic agents. There are several considerations 
about telomerase as an anticancer target that need to 
be addressed. First, there will be an expected lag 
phase between the time telomerase is inhibited and 
the time when the telomeres of the cancer cells shorten 
sufficiently to produce detrimental effects on cellular 
proliferation. This lag phase will vary depending on 
the initial telomere length. There Is, at least in theory, 
the possibility that cancer cells might become 
resistant to telomerase inhibitors or develop 
alternative mechanisms of telomere maintenance 
Independent of telomerase, v\ hich has been seen In 
experimentally Immortalized human cell lines 7 . 
Finally, Inhibitors of telomerase would potentially 
have effects on other human somatic cells that express 
telomerase, such as hematopoietic stem cells, germline 
cells and cells of the basal layer of the epidermis and 
intestinal crypts 8 . We believe that, these effects might 
be minor because stem cells of renewal tissues typically 
have much longer telomeres than cancer cells have and 
the deepest stem cells only proliferate intermittently. 
During the time that these cells are quiescent, 
telomere shortening does not occur and telomerase 
activity is negligible. The expected effects of telomerase 
inhibition on cancer cells as well as telomerase-positive 
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There have also been concerns that Inhibiting 
telomerase might lead to an increase in malignancy 
by enhancing the genomic Instability of cells, These 
concerns have risen from the mTR"'" knockout mice 
which, ascompared with the mTR 4 " model, has an 
Increased incidence of malignancies in both early and 
late generation cohorts 9 . There Is no evidence to 
suggest that this would be true In humans. Mouse 
telomeres are much longer than even the longest 
human telomeres and do not appear to have a role in 
signaling senescence. Human cells that lack cell cycle 
checkpoints with some terminally short telomeres 
die, whereas similar mouse cells show little evidence ■ 
of any significant block to further proliferation 10 . It is 
therefore difficult to interpret any effects on genomic 
instability or tumorigenesis that telomerase 
inhibi tion in human cells will have based on previous 
mouse experiments. 

To confirm that a telomerase Inhibitor is acting 
specifically through a telornere-dependent 
mechanism, certain criteria should almost always be 
met: (1) Inhibitors should reduce telomerase activity 
but initially should not affect cell growth rates; 

(2) addition of inhibitors should lead to progressive 
telomere shor tening with each cell division; 

(3) addition of inhibitors should eventually cause cells 
to die or undergo growth arrest; (4) the time necessary 
to observe decreased proliferation should vary 
depending on Initial telomere length; and 

(5) chemically related molecules that do not inhibit 
telomerase activity should not cause decreased cell 
proliferation or telomere shortening. 
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The telomerase holoenzyme complex presents 
multiple potential sites for the development of 
inhibitors. These include the functional RNAor 
hTR, the catalytic reverse transcriptase subunit 
hTERT. the primer anchoring site, holoenzyme 
assembly and the factors involved in recruiting 
telomerase to the telomere. In the past several years 
there have been more than 100 manuscripts 
published on telomerase inhibitors. However, only a 
handful of these repot (s hi] fill I lie criteria for 
telomerase inhibitor s outlined above. In this article, 
wo will review some of the different approaches to 
telomerase inhibition that are currently under 
investigation (Box 1). 

Targeting the RNA component of telomerase 

Antisense oligodeoxynucleotides 
Antisense oligodeoxynucleotides (ODN) are an area of 
heightened Interest In the field of telomerase 
inhibition. These drugs consist, of short stretches of 
DNA that are complementary to a target RNA. The 
mechanism of action for most applications Is to 
hybridize to their complementary RNA by- 
Watson -Crick base pairing and Inhibit the 
translation of the RNA by a passive and/or active 
mechanism. The passive inhibition occurs simply by 
the competitive binding of the ODN to the RNA, 
whereas the active mechanism recruits RNasef I to 

Box 1. Approaches for targeting telomerase in 
cancer therapy 

• Oligonucleotides -antisense hTR template 

• Hammerhead ribozymes - hTR template 

• Small molecules 

G-quadruplex stabilizers 
Combinatorial libraries 
Compound collections 
■ Catalytic (hTERT) component 

Reverse transcriptase inhibitors 
Dominant-negative hTERT 
Immunotherapy 



degrade the mRNAonce the RNA-ODN 
hybridization occurs", Therapeutic uses of these 
molecules are currently under investigation in many 
different fields of research including oncology, 
cardiovascular disease and infectious diseases, with 
one drug currently approved for use In 
cytomegalovirus retinitis". 

Telomerase presents Itself as an Intriguing target 
for these drugs because it possesses a functional RNA 
component as part of its structure. The template 
region of hi R must be exposed to add new teloineric 
repeats onto the chromosome, making this an 
accessible target for the ODN. Thus, rather I ban 
using ODNs to inhibit translation, ODNs directed 
against the hTR template are designed to directly 
inhibit telomerase activity. ODNs present several 
problems in drug development. The first is cellular 
delivery because, without a transfecting agent, these 
drugs do not easily enter cells in culture. In vivo, they 
have been found to cross the cell membrane by a 
poorly understood endocytic mechanism. Once inside 
the cell they are subjected to degradation by a variety 
of exo and endonucleases, Chemical modifications to 
the ODNs have been implemented that might reduce 
their degradation but might also reduce the 
specificity of binding to the target sequence. 

A variety of studies have been published on the 
inhibition of telomerase using antisense approaches 
directed both at the template and at non template 
r egions of hTR. The first report was by Feng etaJ, B 
who used a construct expressing an antisense 
transcript to the first 185 nucleotides of the RNA and 
introduced them into HeLa cells. In this study, 33 out 
of 4 1 clones underwent crisis after 23-26 doublings. 
The clones that entered crisis had reduced telomerase 
activity, as well as shorter telomeres compared with 
the clones that contained vector alone, Since that first 
study there have been many reports on antisense 
ODN inhibitors of telomerase, Many of these have 
reported a reduction in telomerase activity in cancer 
cells treated in culture, however, most have not 
documented reduction in telomere length with 
continued treatment 12 Another concern is that in 
some cases t he cells underwent slowed growth or 
apoptosis without the time lag that would have been 
expected if the mechanism of action was specific to 
telomerase and telomere erosion 15 " 17 . 

There have been several studies describing the use 
of a 2',5' oligoadenylate (2-5A) moiety attached to the 
ODN to Increase the activity of the ODN against 
telomerase lfi - |a . The addition of the 2-5A recruits 
RNaseL along with RNaseH to degrade the targeted 
RNA once the ODN has hybridized. RNaseL is part of 
the mammalian antiviral defense. It is an 
endoribonuclease that functions in the interferon 
regulated 2-5A system. Upon binding to 2 5A, it is 
converted to an active form that cleaves the single 
standed RNA to which it is targeted. Kondo et al.' 6 
used this approach ro target malignant glioma cells 
and showed that five hours after treating the cells 
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with a 2 5A antlsense moiety directed at a non- 
template region, hTR was not detectable by reverse 
transcriptase (RT) PGR, After continuous treatment 
with the antlsense drug over a 14 day period, 79% of 
the cells underwent apoptosls. This striking effect on 
cell growth is unlikely to be explained by telomere 
erosion because the cells would not have undergone 
sufficient cell divisions to significantly shorten their 
telomeres. Kushner era/. 17 described a similar effect 
of a 2-5A antlsense ODN directed against hTR in 
human ovarian cancer cell lines. They also showed a 
profound early cell death after only seven days of 
treatment with the antlsense ODN as compared with 
control ODN. These chemistries have subsequently 
been tested in vivoin a nude mouse using a human 
prostate cancer xenograft. A 2 5A antl hTR 19mer 
was Injected diced l> into I he tumor o\ er a per iotl of 
seven days, resulting in an increase in tumor volume 
ol only I A a /u as compai ed wit h ? I 5% for the control " 
Analyses of the tumors treated with the 
2-5A antlsense showed many apoploi ie cells, and 
analyses of the cells In culture showed activation of 
the caspase family. The mechanism of action of these 
processes and their specificity to telomerase is still 
unknown. There has been no long-term follow up on 
the cells that did not apoptose to determine whether 
they became resistant to the ODN. In addition, there 
are no reports on the effects these drugs have on 
telomerase positive normal somatic cells. 

Another class of oligonucleotides being studied are 
peptide nucleic acids (PNAs). PNAs are analogs of 
RNA and DNA, in which the pentose phosphate 
backbone is replaced by an oligomer of 
A f -(2-arnlnoethyl) glycine, making them resistant to 
degradation by endo- and exonucleases. This neutral 
backbone additionally enhances the affinity and 
specificity of hybridization to the RNA targets Human 
telomerase can be inhibited in cells In cultur e by I >NA 
oligonucleotides complementary to the telomere 
templating region of hTR (Ref. 9) . When delivered to 
Immortalized SV40 human cell lines in culture using 
electroporatlon over 1 1- 16 doublings, the cells showed 
reduced telomerase activity, shortening of telomere 
lengths, and growth 1 nhibition after an initial lag 
phase 20 . Although the phar macokinetics and uptake of 
these drugs in vivois largely unknown, they present 
an exciting new class of oligonucleotide agents. 

The most extensively studied modified ODNs are 
the chimeric 2' O ' methyl RNA and 2' methoxyethoxy 
RNAs. These modifications to the sugar moieties of 
the RNA bases flanking the antlsense DNA, along 
with substituting phosphorothioate linkages for 
phosphodlester bonds, confers greater specificity to 
the RNA target and also greater resistance to 
nucleases. One downside of the chimeric ODNs is that 
with this modification, RNaseH cannot be activated 
and the ODN acts only through a passive mechanism 
of competitive binding to the target sequence. 

In one study, the TO- methyl chemistry was 
administered to immortalized human breast 



epithelial cells in culture, using both match and 
mismatch 13mers lhat were complementary to the 
hTR template region over a 1 20-day period 21 . Cells 
given the match ODNs demonstrated inhibition of 
telomerase activity, and after an initial period of 
normal growth, shortening of telomeres and eventual 
cell death via apoptosls was observed. The control 
cells and cells that were given the mismatch ODNs 
did not exhibit any significant alterations in telomere 
biology or other phenotypic changes. Furthermore, 
when the match ODNs were removed from the cells in 
culture, the surviving cells regained their baseline 
telomerase activity, pi oliferal ion rale r etur ned to 
normal, and the telomeres grew back to their original 
lengths, supporting the conclusion that their 
mechanism of action is through a competitive 
Inhibition of the telomer ase enzyme. During this 
study, there was no evidence of any emergence of an 
alternative pathway for telomere elongation. 

Hammerhead ribozymes 

Hammerhead ribozymes are small RNA molecules 
that possess specific endorlbonuclease activity, They 
consist of a catalytic core flanked by anti-sense 
sequences that function in the recognition of the target 
site. Yokoyama eta/ 22 used three different ribozyme 
constructs targeting the 3' end of different, sequences in 
hTR and introduced them into an endometrial cancer 
cell line The ribozyme targeting the template region 
proved to be the most efficacious in reducing 
telomerase activity and additionally led to telomere 
shortening over a four-week period, No change In 
proliferation rate was seen In these cells over this time 
period. A similar study using a ribozyme targeting the 
hTR template in melanoma cells, showed a reduction 
In telomerase activity with a reported slowing In 
doubling time. However, after >20 passages, the cells 
exhibited no reduction In telomere length and were still 
proliferating 23 . This strategy for telomerase inhibition 
might prove to be a useful tool If investigators are able 
to demonstrate the expected effects on telomere biology 
with specific targeting of the telomerase RNA, 

Inhibition of the telomerase catalytic protein subunit 
(hTERT) 

Dominant negative h TERT 

Dominant negative hTERT constructs (mutants that 
are catalytically Inactive but still able to bind and 
sequester hTR) effectively inhibit telomerase both in 
vitro and in vivo. By introducing cDNA that contains 
point mutations in the reverse transcriptase motifs of 
hTERT into both a human epidermoid tumor cell line 
and an immortalized embryonic kidney cell line, 
Zhang el al. 2A demonstrated an inhibition of telomerase 
activity as well as a reduction In telomere length. The 
epidermoid tumor cells, which had very short 
telomeres (1-4 kb), showed early morphologic changes 
and the population underwent growth arrest with all 
the plated cells dead at 32 days. By contrast, the 
embryonic kidney cells have a significant clone- to clone 
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variability in telomere length (3-12 kb). Clones 
chosen with long telomeres (10-12 kb) continued to 
proliferate at the same rate as the control and 
wild-type hTERT infected cells until their telomeres 
shortened to ~4 kb. At this point, the clones lost the 
dominant-negative protein and reactivated 
telomerase resulting in a stabilization of telomere 
length. Considering data from other reports on 
inhibitors that cause progressive telomere 
shortening, it is probable that these clones would 
have undergone an apoptotic cell death at a point 
when their telomeres became critically short if the 
dominant negative mutants remained active. 

Hahn et alP described the expression of a 
cataly tically inactive hTERT subunit in a variety of 
human immortalized cells and cancer cells using a 
retroviral vector. The dominant negative mutant was 
created by substituting the aspartic acid and valine 
residuesat positions 710and 71 1 with alanine and 
isoleucine, respectively. Multiple cell clones infected 
with the DN-hTERT had undetectable telomerase 
activity with gradual telomere shortening and 
eventual growth arrest and cell death. The clones 
infected with wild-type hTERT and empty vectors 
r etained telomerase activity and no effects were seen 
on telomere length or proliferation when compared 
with control clones In addition, GM84 7 cells, an 
immortal cell line that maintains Its telomeres by an 
alternative mechanism, were tested with these 
constructs. The GM84 7 clones that were infected with 
the DN-hTERT remained telomerase negative with 
no effects on cell growth or telomere length, whereas 
the GM847 clones that were infected with the 
wild-type hTERT became positive for telomerase 
activity but maintained their heterogeneous telomere 
length and growth rate To further test the hypothesis 
that the Inhibition of telomerase will decrease 
tumorigeniclty of cells in vivo, late passage 
36M ovarian cancer cells were injected into 
immunodeficlent nude mice. The cells containing the 
wild-type hTERT and control vectors readily 
produced tumors whereas the cells with the 
DN-hTERT failed to form tumors. These results 
validate the targeting of hTERT as a potentially 
powerful site for anti-cancer drug design. 

Reverse transcriptase inhibitors 
Reverse transcriptase inhibitors (RTIs) are 
predominantly used in the treatment of HIV. They 
are able to incorporate into the viral DNA and block 
chain elongation using the reverse transcriptase 
enzyme. Telomerase, becciuseof its RNA dependent 
DNA polymerase activity, has been studied as a 
potential use for t host- agents in cancer therapeutics. 
The results of these investigations thus far have been 
inconsistent. 3' azido 3' deoxythymidine (AZT) has 
been the most extensively studied of the RTIs. 
Several investigators have tested AZT in 
concentrations ranging from 100 |iM to 1.75 mM, 
according to the IC 50 for the cell lines used. 



They were able to demonstrate telomerase 
inhibition and slowed growth of cells in culture; 
however, they have not demonstrated telomere 
erosion or eventual growth arrest of the cells after 
prolonged exposure 26 - 28 . Strahl and Blackburn 
showed progressive telomere shortening of two 
Immortalized human lymphoid lines using 
dideoxyguanosine inhibitors but no effects on cell 
viability after prolonged exposure were observed 29 . 
It Is unlikely that these analogs are functioning 
through a selective i nhibltlon of telomerase because 
their reduced proliferation is occurring in the setting 
of sufficiently long telomeres. A plausible explanation 
might be that the RTIs have a toxic effect on the cells, 
perhaps by inhibiting mitochondrial DNA replication 
leading to the observed reduction In telomerase 
activity, which is dose dependent. Work in this field Is 
continuing and might shed some light on their precise 
effects on telomere biology. 

Immunotherapy 

Recently, there has been exciting work In the field of 
antigen specific Immune responses in tumor cells. 
Previous studies have focused on expression of 
tumor-associated antigens that are restricted to only 
a few tumor types, making progress in this field slow 
and tedious. The discovery of tumor-associated 
antigens t hat are universal to a broad range of tumor 
types would greatly enhance the efforts to target 
these antigens In strategies such as vaccination and 
in generation of effective anti-tumor cytotoxic 
T lymphocyte (CTL) responses. 

Telomerase is present, in the majority of human 
tumors and is, therefore, a good candidate as a 
universal tumor associated antigen. Vonderhelde et 
a/.^identifled a hTERT-derived peptide, 1540, that 
binds to human leukocyte antigen (HLA)-A2. 1 . This 
major histocompatibility complex (MI IC) class I allele 
Is expressed by nearly 50% of the population, making 
it an attractive target. They generated C TL from 
CD8+T cells from the peripheral blood of normal 
HLA-A2. 1 donors by priming with the peptide pulsed 
autologous dendritic cells. They then showed a 
specific CTL response in cells expressing hTERT. 
This response was shown in a variety of tumor cells 
and was not present in either telomerase negative 
cells or In cells negative for the HLA-A2. 1 allele. 

Similarly, Minev etal 31 Identified two hTERT 
peptides containing known binding motifs to the 
HI .A-A2. 1 allele, p540 and p865. which were able to 
generate a specific CTL response in HLA A2 1 
positive tumor cells of prostate, lung, breast, colon 
and melanoma. Neither of these studies found a CTL 
effect on telomerase positive CD34+ hematopoietic 
cells. This might be because of the relatively low level 
of telomerase expression in these cells compared with 
tumor cells, and the fact that they do not continuously 
express telomerase. Whether other normal somatic 
cells that express telomerase will be affected by the 
CTL response remains to be determined. 
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The early in vitrowork on the lmmunogenlcity of 
hTERT peptides provides a novel avenue of 
telomerase inhibition because no lag period would be 
required before cell death Much work remains to be 
done in this field because the in vivo efficacy of 
delivering these vaccines to trigger immunity and 
the elicitationofCTL responses gave Inconclusive 
results in recent clinical trials using melanoma 
associated peptides 32 . 

G-quadruplex stabilization 

The 3' overhang of telomeres are rich in guanine 
units and have been shown in vitro to produce 
tetra-stranded DNA structures termed 
G-quadruplexes. These G quadruplex 
conformations inhibit telomerase activity and. 
therefore, drugs that stabilize these tetraplexes 
could conceivably be effective chemotherapeutic 
agents. There have been many reports of 
compounds that Inhibit telomerase through the 
stabilization of the G quadruplexes in cell extracts 
and cell culture. Some of these potential compounds 
include porphyrin derivatives, acridine derivatives, 
2,6-diamidoanthraquinones and fluorenone based 
compounds 33 - 36 . Although this might be a viable 
approach for telomerase inhibition, none of the 
published work to date provides data regarding 
telomere shortening with t hese agents. Until more 
is known about the effects of these small molecules 
on telomere biology, it remains to be determined 
whether they will be a reasonable strategy for 
telomerase inhibition. 



Small molecule inhibitors 

A rapidly emerging area for discovering potential 
candidate telomerase inhibitors is through the rapid 
screening of small molecules using NCI -COMPARE 
analyses or other large scale screening models. The 
NCI COMPARE biolnformatlcs approach 
incorporates a strategy of testing and categorizing 
drugs based on their chemical si i uct tires relative to a 
known 'seed' compound [ here are efforts tinder way 
to identify prospectiv e telomerase inhibitors using 
this system, with several potentially promising 
rhodacyanine derivatives discovered thus far 38 . The 
mechanism of action of these molecules is not known 
at this time but could be through disruption of the 
anchoring of telomerase to the telomere, disruption of 
the telomerase holoenzyme assembly or G-quartet 
stabilization. Tills and other small molecule 
screening strategies using combinatorial libraries are 
likely to yield new classes of telomerase inhibitors. 

Conclusions and future perspectives 

We have discussed the major avenues of targeting 
telomerase in human cancer cells; the question, 
however, still remains whether telomerase will be a 
viable approach to treating cancer. Would inhibition 
of the enzyme in the classical sense, which would 
require a lag phase before any detrimental effects on 
the cells, be a reasonable strategy in patients with a 
large tumor burden? Probably not. Most likely, the 
use of telomerase inhibitors in this situation would be 
as an adjuvant treatment in combination with 
surgery, radiation treatment and chemotherapy with 
standard agents, as well as new agents such as 
angiogenesis inhibitors (Fig. 4). It is also possible that 
telomerase inhibitors could be used following 
standard therapies in which there is no clinical 
evidence of disease to treat possible micrometastases, 
and thus prevent cancer relapse. In these situations, 
which would probably require prolonged treatment, it 
will be imperative that the drugs have a low toxicity 
profile and are easily administered. 

The other avenue of telomerase inhibition is by 
targeting telomerase expressing cells as a means to 
kill the cells. Immunotherapy directed against 
telomerase positive cells, as well as strategies using a 
suicide gene promoter targeted to hj'FRT-expressing 
cells (unpublished results) are currently under 
investigation These modalities have the advantage of 
abolishing the lag phase that is required with the 
classic mode of telomerase inhibition. However, these 
treatments might also prove to be more toxic to 
normal somatic cells expressing telomerase. 

Will telomerase inhibitors become a common 
weapon in the armory against cancer' 9 Will 
there be emergence of alternative mechanisms of 
telomere maintenance? What will the effects of 
telomerase inhibition be on normal hematopoietic 
and germline cells? These and other questions will 
only be answered when these drugs are moved 
into clinical trials. 
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The ribonucleoprotein telomerase, a specialized cellular reverse transcriptase, synthesizes one strand of the 
telomeric DNA of eukaryotes. We analyzed telomere maintenance in two immortalized human cell lines: the 
B-cell line JY616 and the T-cell line Jurkat E6-1, and determined whether known inhibitors of retroviral 
reverse transcriptases could perturb telomere lengths and growth rates of these cells in culture. Dideox- 
yguanosine (ddG) caused reproducible, progressive telomere shortening over several weeks of passaging, after 
which the telomeres stabilized and remained short. However, the prolonged passaging in ddG caused no 
observable effects on cell population doubling rates or morphology. Azidothymidine (AZT) caused progressive 
telomere shortening in some but not all T- and B-cell cultures. Telomerase activity was present in both cell lines 
and was inhibited in vitro by ddGTP and AZT triphosphate. Prolonged passaging in arabinofuranyl-guanosine, 
dideoxyinosine (ddl), dideoxyadenosine (ddA), didehydrothymidine (d4T), or phosphonoformic acid (foscar- 
net) did not cause reproducible telomere shortening or decreased cell growth rates or viabilities. Combining 
AZT, foscarnet, and/or arabinofuranyl-guanosine with ddG did not significantly augment the effects of ddG 
alone. Strikingly, with or without inhibitors, telomere lengths were often highly unstable in both cell lines and 
varied between parallel cell cultures. We propose that telomere lengths in these T- and B-cell lines are 
determined by both telomerase and telomerase-independent mechanisms. 



Telomeres, the ends of eukaryotic chromosomes, are char- 
acterized by an array of tandemly repeated short DNA repeat 
units (3), with the sequence TTAGGG in humans and other 
mammals (33). These essential telomeric sequences arc added 
to chromosomal DNA ends by telomerase (14; reviewed in 
reference 4), a cellular ribonucleoprotein reverse transcriptase 
which uses a sequence within its RNA moiety to template the 
repeats added to chromosome ends (15, 31, 40, 41). The spe- 
cialized DNA-protein complexes formed by these repeats (6, 
13) are thought to be important for still poorly understood 
interactions within the nucleus that affect nuclear division and 
chromosome maintenance (5) and protect the ends of chro- 
mosomes from fusion (30) and potential degradation by exo- 
nucleases (13). 

During successive rounds of DNA replication, an inevitable 
progressive loss of genetic information is predicted to occur, 
because DNA polymerase is unable to complete synthesis of 
the ends of linear DNA (reviewed in references 3 and 10). By 
polymerizing DNA onto the chromosome termini, telomerase 
counterbalances this terminal DNA attrition. Functional te- 
lomerase has been demonstrated to be essential for normal 
telomere maintenance in the ciliated protozoan Tetrahymena 
thetmophila and the yeasts KJuyveromyces lactis and Saccharo- 
myces cerevisiae. In T. thermophila, a particular mutant RNA, 
which prevents correct telomerase polymerization in vitro (12), 
causes telomere shortening and senescence (11a, 12, 46). Sim- 
ilarly, deleting or disrupting the RNA moiety of telomerase in 
the budding yeasts K lactis and 5. cerevisiae or the EST1 gene 
in S. cerevisiae causes progressive telomere shortening and 
cellular senescence (28, 31, 41). These results established that 
in these organisms, which can grow indefinitely, telomere 
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maintenance is essential for long-term viability and telomerase 
is required for normal telomere maintenance. However, pre- 
venting normal telomerase-mediated maintenance has also 
revealed telomerase-independent mechanisms for telomere 
maintenance in yeasts. In est]' cells that survive deletion of 
the EST1 gene, /WD52-dependent recombination takes place 
between internal and terminal telomeric repeat tracts sepa- 
rated by the Y' class of subtelomeric elements, regenerating 
sufficient terminal telomeric repeat tracts for chromosomal 
maintenance (27). The K lactis genome lacks internal telo- 
meric repeat tracts, precluding the type of pathway seen in 
estl" S. cerevisiae cells. Instead, deletion of the telomerase 
RNA gene, TER1, of K. lactis has uncovered a second pathway 
of non-telomerase-mediated telomeric DNA replenishment, 
involving recombination and/or gene conversions between ter- 
minal telomeric repeats in the terl~ survivors (31a). Heterol- 
ogous telomeres introduced into S. cerevisiae also exhibit re- 
combination between the introduced telomeric sequences (44). 
These results raised the possibility that non-telomerase-medi- 
ated pathways play important roles in other systems. 

Telomerase activity has been detected in various immortal- 
ized human and mouse cell lines, as well as tumor and germ 
line cells and some normal somatic cell types (6a, 36; reviewed 
in reference 10). In early studies, it was found that certain 
primary human somatic cells in culture lacked detectable te- 
lomerase activity (8) and that telomeres from these cells de- 
creased in length during cell divisions (8, 17; reviewed in ref- 
erence 10). These cells eventually reached a state in which they 
ceased to divide ("crisis"), but in the tiny fraction of cells that 
for unknown reasons survive crisis and become "immortal," 
telomerase activity became detectable. In the subsequent cell 
divisions, telomere lengths stabilized and sometimes increased 
(8, 23). Therefore, it was proposed that telomerase activity may 
be required for cell immortalization in vitro and that interfer- 
ing with telomere length regulation by inhibiting telomerase 
may be a basis for cancer therapy (9, 17). 
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In several studies, attempts have been made to relate telo- 
mere lengths to in vitro telomerase activity and cell growth. 
However, various contradictory results have prevented the 
emergence of any straightforward relationship between these 
properties. Although telomerase activity has been detected by 
in vitro assays of extracts from many immortalized cell lines (8, 
22), an immortal human fibroblast cell line with no detectable 
telomerase activity has been reported (34). An artificially con- 
structed marked telomere and a natural telomere analyzed 
in this cell line showed highly variable and unstable lengths as 
the cells were propagated, yet the chromosome bearing the 
marked telomere was stable and there was no correlation of 
loss rates of this chromosome with shorlening of its marked 
telomere (34). The lack of detectable telomerase and the pat- 
terns of telomere length variability strongly suggested that a 
non-telomerase-mediated mechanism was acting to maintain 
the telomeres in this cell line. 

Telomeres in cancer cells are often significantly shorter than 
in normal somatic tissue (9, 11, 18, 21, 39). Hence, it was 
suggested that because of their increased numbers of divisions, 
cancer cells that may initially lack telomerase lose more telo- 
meric repeats than do surrounding somatic tissue cells and that 
when telomerase is reactivated in these cancer cells, telomere 
lengths stabilize, albeit at a shorter length (8, 9). However, in 
some tumor samples, the reported telomere lengths were much 
greater than those of normal surrounding tissues, while other 
tumor samples showed no changes compared with normal do- 
nor cells (19, 35, 39). Reports of telomere lengths in immor- 
talized cell lines have given variable results. Rogalla et al. (37) 
reported decreased mean telomere length in immortalized 
cells compared with cells from the originating tumor. On the 
other hand, telomeres in some immortalized HeLa cell lines 
can be very long (>20 kb) (11). While many malignant tumors 
have detectable telomerase activity, some do not (19, 22). Nils- 
son et al. (35) reported that malignant hematopoietic (acute 
leukemia) cells could be either positive or negative for telo- 
merase activity but that the telomere lengths were no different 
in both classes. All these results suggest that the relationship 
between telomerase activity and telomere length is not a sim- 
ple one. 

Our initial goal was to determine whether telomere length 
maintenance could be perturbed in immortalized human cells 
expressing telomerase activity and, if so, whether this would 
lead to cellular senescence. We have shown previously that 
telomerase activity from T. Ihermophila can be inhibited in 
vitro by chain-terminating nucleoside triphosphate analogs 
known to inhibit retroviral reverse transcriptases. Some of 
these analogs, including azidothymidine (AZT), caused telo- 
mere shortening in vivo in T. ihermophila (42). AZT also in- 
hibited the developmentally programmed de novo telomere 
addition of this organism. 

Here we report the effects of several inhibitors of retroviral 
reverse transcriptases on the telomere length and cell growth 
properties of two immortalized human lymphoid cell lines, the 
B-cell line JY616, derived from a B-cell lymphoma, and the 
T-cell line Jurkat E6-1, derived from a human T-cell leukemia. 
While telomeres in both cell lines reproducibly were progres- 
sively shortened by prolonged passaging in the nucleoside an- 
alog dideoxyguanosine (ddG), there was no detectable senes- 
cence or change in cell growth rates. In addition, passaging in 
the presence of 100 u.M AZT caused marked progressive telo- 
mere shortening over several weeks in some but not all T- and 
B-cell cultures, again without changing cell growth rates. We 
show that telomerase activity is present in both cell lines and is 
inhibited strongly by ddGTP and less strongly by AZT-5'- 
triphosphate (AZT-TP). Hence, we propose that the in vivo 



shortening of telomeres in the presence of ddG or AZT may be 
attributable to inhibition of telomerase activity by these ana- 
logs within the cell. 

These studies also revealed unexpectedly high degrees of 
telomere length variation between parallel cell cultures and 
dynamic changes in telomere lengths during logarithmic-phase 
growth in both the T- and B-cell lines with or without inhibi- 
tors. We propose that telomeres in the two immortalized lym- 
phoid cell lines examined here are acted on by a combination 
of telomerase and telomerase-independent mechanisms. 
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li io it i rose gel. Southei biotliug was perlorined by 

standard methods i SM and blots were hybridized with ihe o-'-P-labclcd oligo 



Vol. 16, 1996 



HUMAN TELOMERES AND REVERSE TRANSCRIPTASE INHIBITORS 55 



nucleotide (TTACKiG), at 42°C for 3 to 18 h. Prior to restriction digestion, 
sample of each DNA was electrophoresed to verify its integrity. Telomere 
lengths were measured with an LKB 2202 Ultiuscan densitometer, with the 
center of the peak taken as the mean lelomerk restriction fragment length. For 
several i!al.t sets, telomere lengths were also calculated .is described previously 
(17) following scanning of the Southern Idol auloracliogranis widi a digital 
scanner I Alpha llllioteeh C'oip. ). 

Preparation of S-100 cell extracts. Extracts were prepared essentially as de- 
scribed previously IX.I with minor modiliealions Hnelly approximately ') ' ID" 
eell.s growing in suspension were collected by cciiLiilugalion [or III mm at VIIIKI 
rpm (1,500 x s ) in a Sorvall GSA feed-angle rotor, rinsed twice in cold phos- 
phate-buffered saline i PBS) (with Ufa* or Mb i ind eentrifuged for 3 mm at 
3,000 rpm (1,500 X g). The final pellet was cursed in hypotonic lysis buffer (IIvpo 
buffer, consisting of 10 mM HE PES [pH 8.0], 3 mtvf KCI, 1 mM MgCl 2 , 1 mM 

Ml t It 1 | I 

(Promega) per ml, 1 mM leupeplin [Bochrineer Mannheim |, and 10 mM pep- 
statin A [Bochringer Mannheim]) and eentrifuged at 1,800 rpm (601) :< g) in a 
Sorvall 1IB-4 swinging-buckcl rolor, and the lira pellel i uspended'in 0.75 
volume of Hypo bullei. Aftei incubation on ice lor 10 mm, the cells were 

a tighl-lilling IB type) pestle. Alter a lurlhcr 30 mm on ice. The suspension was 
ccnlnlugcd lor 10 nun al II), ill 10 rpm I It), 1)011 •' gi in a Sorvall 1 1 [3-4 swinging- 
buckcl rolor (this slcp was omitted lor the lYldo cells; instead the extract 
remained on tee lor an additional 20 mm) Hie supcriialant was haivestcd and 
ccnlrilugcd for 1 h al 48.000 rpm (100.000 - gi m a Beekman 11 Kill nunc 
ultracentnlugc Tl A 100.2 hxed-angle rotor at 4°C. The supernatant was har- 
i u rol ddcdl i 1 ) linal concentration lor sloragc al -K0"C 

until 1)1 AF columns were prepared. 

DF.xF column chromatography of S-l IM1 extracts. A 0.5 ml volume ol 1)1 Al 
agarose (Bio K id I i I li 1-201 ivy equilibrated in ice-cold 

Hypo buffer, and 0.5 ml ol extract was loaded al 4'C. The column was washed 
with 2 volumes ol I Ivpo bullet lollowcd by 2 volumes of Hypo butler plus 0.2 M 
NaCI and eluted with 1 ml of 0.3 M NaCl in Hypo buffer. The eluate was 
coneenlraled al 4"C in a Microvolt 30 miciocoiiccnlralor lAiiiicon) as specified 
by the manufacturer and bo ught up to a convenient working volume in 0.3 M 
Nat I j Her. a ma ill l I ill I i ted 

to 20% for storage al -80°C if assays were to be performed later. 

Conventional (eloniei asc assays, hoi the standard lelomerase assay, DFAI - 
r r I 1 I I 1 I 

dial ll II ll en l l ipf ii 04 M NaCI A ecl aliqu 

01 this dilution was mixed with 20 u.1 ol a 2 -. i caelum mixruic and incubated lot 

2 h at 30°C. The linal concentrations in the 2x reaction mixture were 2 mM 
dAIP. 2 mM [TP, 1 u.M total dti'IP including 50 pcG ol [«-"P]dGTP (800 
Cl/'mmol; Amcrsham), 2 p. M I ITAdlldi,, 3 mM Mgl'b, I m.Vt spermiiime. S 
ill i ' l i ti i '1 i 1 1 i iMTrisaid li 
S.5). In react:, at mixtures containing ddCil P or A/1 I P, lelomerase extract was 
added to the 2x cocktail on ice and this mixture was added to chilled reaction 
tubes containing analog I lie reaction was then stai led by placing tubes al 30°C. 
For reaction mixtures in which lite conccniration of'ITP was varied, TTP was 
omitted from the 2x cocktail and added separately to each reaction tube before 
addition ol enzyme. UNa.sc conlrols were done by adding 0" u.1 ol RNase A (1(1 

I 1 n I I 111 11 

1 he 40-u.l reactions were stopped by adding 50 ll! of 0.1-mg/ml RNase A in 20 
mM Tris HQ |pH 7.5| 10 mM I DTA lo each lube and incubating Ihe lubes lor 
10 min at 37°C. Reaction mixtures were deproteinated by adding proteinase K 
h i I 1 11 'I [i I 

i irncr f)N \ prodc ven paraied oi III polyacrylam 7 M urea 

were exposed on a Molecular Dynamics phosphorimaging screen and analyzed 
on a Molecular Dynamics phosphonmager. Typical exposures were 1 week 
Dried gels were dso exposed on Kodak X-AR5 him lor up lo 30 days. 
TRAP assays. TRA1 y v Ion s 11 i Kim 

I TR Al II Ian I 1 I 

ylammonia]-l-propanesuifonate [CHAPS], 50 mM Tris HCT (pH 7.5], 5 mM 

MgCI r M 1 ( r „M 3-n pi i i I l I) phi , c ! 

mM .idle H hi 1 i t null in II debn vas pellc lit It mm al 
16,000 X g al 4°C. Supernatanls were ahquoted and flash frozen on dry' tec before 
storage at -80°C. 

leach lelomerase reaction volume was 25 pi above the wax barrier (221, al an 
cxlrael conccniration corresponding lo lilt) cells per assay. Control assays were 
pcilorined on samples ill each cell type to determine that bands visualized on a 
10% poTvacTvlamidc-' 7 M urei epi icmi L c 1 \ 1 lorn erase activity. 

These included preincubation for 20 min at 37°C with 10 u.g of RNase A as a 
control for non Iclomei asc -mediated incor|ioi anon of the «P label or with 
RNase plus RNasin (4(1 U), phenol extraction of the cell extract before the assay, 
omission of the cell extract from the assay, and assaying with only the CX or the 
TS prima (22) (data not shown) Reaction pioducls were labeled with 
Ic-'-PldCTPaml |a-» : I'|TTP Fach sei of reactions included duplicate reaction 



tion mixture (5 u.1 plus 5 u.1 of lormamidc I J un on ll 

and of gel loading, dels were phosphonmaged for I lo 2 davs. They were then 
exposed to Kodak X-AR5 film lor up lo I week. For the quantitations ol I RAP 
assays shown in Fig. 6, reaction products were separated on a denaturing III'? 
polyacrvlamiclc gel and cpianlttalcd bv phosphorimaging. measuring Ihe tola! 
phosphorimagc units (pixels) loi each lane in a central region ol the gel. The 
mean pixels ol duplicate RNase-lrcated reactions w .. re subtracted as background 
from the mean ol each ol the other duplicate teaetioiis The 0 pM inhibitor 
icaelioiis weie considered lo be 11)0''; total lelomerase activity, and the results 
were plotted as a pcreenlagc of total incorporation against lire concentration of 
inhibitor ( microini ilui ) present m the lelomerase reactions 



RESULTS 

ddG causes progressive telomere shortening in two immor- 
talized cell lines. Duplicate cultures of the immortalized JY616 
B-cell line were tested with several viral reverse transcriptase 
inhibitors (24): the nucleoside analogs AZT, Ara-G, ddG, ddl, 
ddA, d4T and a nonnucleoside viral reverse transcriptase in- 
hibitor, foscarnet (a triphosphate analog). Concentrations of 
each inhibitor used were determined in initial tests (see Ma- 
terials and Methods). For each inhibitor, the concentration 
chosen was the highest that did not cause a significant change 
in cell growth rate or morphology over five to seven popula- 
tion doublings. For each culture, every 5 lo 7 days, cells were 
counted to determine cell growth rates (as MPDs), cell mor- 
phologies were monitored, and cells were passaged quanti- 
tatively to maintain them in logarithmic growth conditions. 
Telomere length distributions were analyzed at a series of 
time points during the serial passaging. Lengths of terminal 
restriction fragments (TRFs), determined by Southern blotting 
analyses with a telomeric sequence probe, were used as the 
measure of telomere lengths, as described previously (18). 
Consistent with previous measurements of telomere lengths in 
human cells (17, 18, 26), the data presented here indicate that 
the great majority of length fluctuations were attributable lo 
different numbers of telomeric TTAGGG repeats rather than 
to different complex sequences added to ends, since we used 
frequently cutting restriction enzymes to measure TRFs, 

Figure 1A shows the results of one experiment with JY616 
cells. After 10 weeks of passaging in the presence of ddG (plus 
the 0.01% DMSO added as the solvent for ddG or Ara-G), a 
marked telomere shortening (a ~3.2-kb drop in mean TRF 
length) was seen compared with the control 0.01% DMSO 
culture (a ~1.2-kb drop) (Fig. 1A, compare lane 9 with lane 
12). However, over the 10-week passaging period, the mean 
telomere length also declined in all the cultures in this exper- 
iment (e.g., a ~2.2-kb drop in RPMI medium alone), although 
the change after 10 weeks was greatest with ddG present (Fig. 
1A, compare lane 9 with lanes 3, 6, 12, and 15; also see Fig. 3, 
JY4 panel). 

Because the decline in telomere length in cells grown with- 
out inhibitors was unexpected, the experiments were repeated 
with the JY616 B-cell line and a different cell line, the Jurkat 
E6-1 T-cell line. Three separate additional complete experi- 
ments, each with duplicate culture sets, were performed with 
the JY616 cells. In each experiment, an initial stock of each cell 
line was split into multiple culture aliquots, which were main- 
tained in parallel in log-phase growth conditions by serial pas- 
saging in the presence of each reverse transcriptase inhibitor or 
in control medium lacking an inhibitor. Analogs were tested 
individually or in certain combinations. Figures IB and C and 
Fig. 2 show representative data from one set of Southern 
blotting analyses, in which JY616 cells were passaged in either 
medium alone (RPMI panel), 0.01 or 0.03% DMSO. or various 
inhibitors as indicated on the panels. The Southern blots 
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shown in Fig. IB and C were probed with the telomeric ,2 P- 
labeled oligonucleotide (TTAGGG),, and telomeric mean 
lengths and distributions were measured by scanning densi- 
tometry of the autoradiograms. Figure 2 graphically shows the 
mean telomere length data over time from this representative 
set of passaging series, along with the corresponding number of 
MPDs for each culture. 

In every experiment, 10 fxM ddG reproducibly caused pro- 
gressive telomere shortening beyond that seen in control cul- 
tures lacking ddG. Figure 3 shows the results for 26 separate 
passaging series in which telomere lengths were compared at 
the beginning of the passaging and after the number of MPDs 
indicated for each culture. The only case in which more telo- 
mere shortening occurred than in the parallel culture main- 
tained in ddG was in one culture containing AZT (Fig. 3, JY5 
panel). However, in these and all other JY616 cultures, the 
MPD rates remained similar to each other and did not change 
significantly over any of the passaging series (see Fig. 2 and 7 
for examples; also see below). 

In similar experiments, the same inhibitors were tested in- 
dividually on Jurkat T cells. Again, the highest concentration 
of each analog which did not cause cytotoxicity after five to 
seven MPDs was chosen for use as described in Materials and 
Methods. The cytotoxicity levels for several of the analogs were 
markedly different for the JY616 B cells and the Jurkat T cells. 
However, although the concentrations of inhibitors used on 
the B- and T-cell lines in the time course experiments were 
different, they were functionally equivalent in terms of being 
twofold below their detectable cytotoxic levels. 



Most of the analogs tested caused no reproducible telomere 
shortening in Jurkat cells, even after prolonged culture (—100 
MPDs) in the presence of the analog (data not shown). As 
described below, Jurkat cell telomere length distributions were 
highly variable over time and between cultures. However, 30 
(jiM ddG reproducibly caused telomere shortening in duplicate 
Jurkat T-cell cultures. In a typical result, at the beginning of 
the experiment the TRF lengths formed a broad distribution 
ranging from -13 to -2 kb, whereas after 142 MPDs in ddG, 
they ranged from -8 to -2 kb (data not shown). Again, in all 
cultures, cell growth rates remained unchanged throughout the 
entire passaging series. 

Inhibition of telomcrase activity in vitro by ddGTP and 
AZT-TP. Because ddG caused TRFs to shorten reproducibly in 
both the JY616 B-cell and Jurkat T-cell lines and, as described 
below, AZT had variable effects on telomere lengths, we tested 
whether telomcrase activity from these cells was inhibited in 
vitro by ddGTP and AZT-TP. A new partial purification pro- 
tocol for human telomerase and conventional in vitro telo- 
merase reactions (see Materials and Methods) were used to 
assay for telomerase activity in both cell lines. The TTAGGG 
repeat elongation products of telomerase were fractionated by 
polyacrylamide gel electrophoresis. An RNase-sensitive, prim- 
er-dependent 6-nucleotide repeat banding pattern was seen for 
both cell lines (Fig. 4A, compare lanes 17 and R; Fig. 4B, 
compare lanes 19 and R). Thus, telomerase activity was 
present in both cell lines. In the reactions with the Jurkat cell 
fractions, in addition to the RNase-sensitive telomerase prod- 
ucts, a few heavily labelled bands appeared at and above the 
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position of the input telomcric repeat oligonucleotide primer 
(Fig. 4B). These bands were not RNase sensitive (Fig. 4B, 
compare lanes 19 and R) and therefore may result from addi- 
tion of [ 32 P]dG residues to the DNA primer by terminal de- 
oxynucleotidyl transferase, which is overexpressed in some 
acute lymphocytic T-cell leukemias (29). 

ddGTP was an efficient in vitro inhibitor of both these hu- 
man cell telomerase activities, causing 50% inhibition of over- 
all product formation at 1 u,M ddGTP in the presence of 5 (iM 
dGTP, 2 mM TTP, and 2 mM dATP, as measured by phos- 
phorimager analysis (Fig. 4A, lanes 1 to 6; Fig. 4B, lanes 1 to 
8; Fig. 5A, left panel). Interestingly, in contrast to the effect of 
ddGTP on T. thennophila telomerase in vitro (14, 42), the 
inhibition of the telomerase activity from these human cells 
was not accompanied by alterations in the banding patterns of 
the products seen in gel electrophoresis (Fig. 4) or in a de- 
creased ratio of longer to shorter products (Fig. 5B). Changes 
in the relative intensities of the bands corresponding to the 
positions of dG residues in the TTAGGG repeats, with a 
concomitant shift to shorter products, would have been ex- 
pected for chain termination events. Hence, these results are 
consistent with those reported previously for human HeLa cell 
telomerase by Morin (32), who proposed that while ddGTP is 
efficiently recognized, it is not itself incorporated into the 
newly forming DNA. This differs from the incorporation of 
dideoxynucleotides and other chain-terminating analogs by T. 
thermophila telomerase (42). 

AZT-TP inhibited telomerase activity from both the immor- 
talized JY616 B-cell and Jurkat T-cell lines in vitro. As with 
ddGTP, overall product synthesis was decreased without a 
significant alteration of the banding pattern of elongation 
products (Fig. 4A, lanes 7 to 17; Fig. 4B, lanes 9 to 19). 
However, consistent with previous results from T. thermophila 
telomerase (42), AZT-TP was a much less potent inhibitor of 
telomerase from these human cell lines than was ddGTP, with 
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FIG. 4. Lymphoid cell telomerase activity. Telomerase reaction product pro- 

ods) with OI Ai:-punikd SlliO extracts from cuhei IYM0 cells (A) or lurkat 

Ji M i (1.5, ' I ( i It iM l plu 3 II |,,M ITf .i I OP , 1 \ZT-TT .ill 
dillcrcnt concentrations ot TTP (ill. 1 1 KM. or J, 000 fiM). The reaction products 
were separated on denalunre wr, poh.acrvlam.de eels. Concentrations oi 
GTP and TTT ii 1 la inch h panel in le 

RNasc-pretrealed reactions. I lie inpul primer ( IT A(i( IC), labeled bv addition 
of a dli residue with terminal dcoxymiclcolidyl iransl erase, is included as a l")-nl 
si/.e marker I lane M and arrow). 



100 u,M AZT-TP causing significant inhibition (80%) of prod- 
uct synthesis only when the TTP concentration was lowered to 
20 (xM (Fig. 4A, lanes 7 and 8; Fig. 4B, lanes 9 and 10; Fig. 5A, 
right panel). 

We tested whether telomerase activity extracted from cells 
that had undergone up to 38 passages in ddG or 16 passages in 
AZT had become resistant to either inhibitor. The in vitro 
TRAP assay (22) was used as described in Materials and Meth- 
ods. Figure 6A shows an example of an autoradiogram of such 
TRAP assays, performed in the presence of different ddGTP 
concentrations, for telomerase from JY616 cells. The results of 
this and similar assays of JY616 cell telomerase, assayed after 
different numbers oi passages in ddG or in control medium 
containing 0.01% DMSO, and Jurkat T-cell telomerase, after 
prolonged passaging in AZT or the control medium (see be- 
low), were plotted graphically (Fig. 6B and C). There was no 
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loss of sensitivity to ddGTP or AZT-TP after passaging in the 
respective analog (Fig. 6B and C). Similar results were ob- 
tained with Jurkat cells after passaging for 91 days in ddG 
(data not shown). Hence, there was no evidence for any selec- 
tion for a subset of cells whose telomerase had mutated to 
become resistant to either ddGTP or AZT-TP. 

Highly variable telomere lengths in the B- and T-cell lines. 
A previous report (8) indicated that telomere lengths were 
relatively stable over many generations in an immortalized 
human embryonic kidney cell line (the HA1-IM 293 line). In 
contrast, highly variable and stochastic patterns of telomere 
length changes were apparent in both of the immortalized 
human cell lines analyzed here. In all the experiments per- 
formed, the cell growth conditions were closely controlled to 
maintain logarithmic growth rates. Despite these precautions, 
telomere length variability was very marked not only within a 
culture during its propagation for prolonged periods but also 
between cultures passaged in parallel. We observed large 
changes in mean telomere lengths as well as in length distri- 
butions, with different types of changes being characteristic for 
each cell line. 

In JY616 cells, as shown in Fig. 1, the entire population of 
telomeric restriction fragments usually consisted of a single 
broad peak. Hence, at any one time point, telomeres fell pri- 
marily into a unimodal length distribution about a single com- 
mon mean length. However, the mean telomere length both 
increased and decreased over time in many cultures, including 
those lacking any inhibitor. Furthermore, for the most part, 
these changes were different between duplicate cultures prop- 
agated in parallel after seeding with aliquots from the same 
initial slock culture. The only exceptions to this nonreproduc- 
ibility were the B- and T-cell cultures grown in the presence of 
ddG, which invariably showed progressive telomere shorten- 
ing, as described above. Figure 7 shows a sampling of the 
variety of telomere length dynamics observed in JY616 cells 
cultured for up to 281 days. 

Many of the JY616 cultures exhibited both gradual (-10 to 
40 bp/MPD) and rapid (-200 to 400 bp/MPD) stochastic de- 
creases in telomere length. An example of progressive gradual 
decrease was seen in one AZT passaging series (Fig. 7, AZT 
panel). Between passages 5 and 19 (days 36 to 148), the mean 
TRF length gradually decreased by -20 bp/MPD, leading to 
an overall telomere shortening of — 1 .6 kb. In an experiment in 
which a culture was grown in 10 u.M ddG for 281 days, as with 
all other ddG cultures, the telomeres shortened (Fig. 7, ddG 
panel). The rate of loss was -73 bp/MPD between passages 5 
and 9 (days 20 to 36) in this passaging series. At 120 days, the 
culture was split in two and the remainder of the passaging 
series was continued in either ddG alone or ddG plus 100 u.M 
AZT. The telomeres remained short in both passaging series. 
The growth rates were slightly but not significantly different for 
the cultures in ddG alone versus those in ddG plus AZT (Fig. 
7, 10 |j,M ddG panel). With Ara-G or foscarnet alone, as with 
AZT alone, telomere shortening was seen sporadically (al- 
though not reproducibly [see below]). However, adding Ara-G 
and/or foscarnet together with ddG caused no additive or syn- 
ergistic effects on telomere shortening or changes in long-term 
cell growth rates (Fig. 2 and 3). One d4T culture showed small 
decreases and increases in mean telomere length during the 
entire experiment but no consistent long-term trend toward 
either shortening or lengthening (Fig. 7, d4T panel). 

With foscarnet, in one culture between passages 5 to 15 
(from days 36 to 117, corresponding to 66 MPDs), the mean 
TRF also decreased by -15 bp/MPD (Fig. 7, left foscarnet 
panel), whereas in the duplicate foscarnet culture, there was a 
very gradual overall decrease of -4 bp/MPD between passages 
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5 and 31 (Fig. 7, right foscarnet panel). Decreases in telomere 
lengths of ~50 bp/MPD have been reported in primary and 
immortalized human fibroblast cell lines lacking detectable 
telomerase (8, 17, 34). Thus, these gradual decreases in length 
in the JY616 cells were less than would have been predicted 
from the absence of telomerase-mediated maintenance. 

Rapid stochastic decreases in mean TRF lengths were ob- 
served in some cultures of JY616 cells. In 12 u.M Ara-G, in just 
one passage (between passages 9 and 10; days 64 to 76) the 
mean TRF length of the entire telomere population dropped 
by approximately 380 bp/MPD (Fig. 7, Ara-G panel). A less 
extreme drop was seen in another Ara-G culture (~75 bp/ 
MPD over passages 6 to 8; days 43 to 58 [data not shown]). 

Rapid stochastic increases in TRF length of some or all of 
the entire telomere population were also observed; in one 
example of JY616 cells passaged in DMSO, a mean TRF 
increase of -240 bp/MPD for the entire telomere population 
was observed between the third and fifth passages (data not 
shown). In an interesting example (Fig. 7, left foscarnet panel), 



initially the majority of the population of telomeres steadily 
lost approximately 1 kb of telomeric DNA over 66 MPDs (—15 
bp/MPD). Then in a single passage of 6.5 MPDs (between 
passages 14 and 15), a large telomere subpopulation suddenly 
gained almost 4 kb in length, an increase of —600 bp/MPD. At 
this point, this cell culture abruptly exhibited a bimodal distri- 
bution of telomere lengths, after which the population of 
longer telomeres gradually shortened again. Southern blotting 
analysis of this passaging series is shown in Fig. 8. In contrast, 
the duplicate culture grown in foscarnet did not exhibit any 
notable changes in mean telomere length or length distribution 
(Fig. 7, right foscarnet panel). 

With Jurkat T cells, in most cultures the mean TRF lengths 
increased dramatically as the cells were propagated in log- 
phase growth conditions (Fig. 9, lanes 1 to 5, 6 to 10, 21 to 25, 
and 26 to 30). As described above, the only reproducible ex- 
ception to the general telomere lengthening was with ddG, in 
which telomeres invariably steadily shortened. In several cul- 
tures, the overall hybridization patterns also became more 
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FIG. f>. Inhibition by ddGTP and A/.T -TP „f telomcrasc acuviiy Iron, cells, 
passaged in the presence or absence of ddCi or A/.T. (Ai Denaturing 10% 

[ I rviamid i i iclion producl I 'l l v s i r 

i j d I I HT concentrations TRAP assays Material 
and Melhods) were performed in duplicate on extracts from JY616 cells pas- 
taged ii in picsencc of UUP PMSO lor 30 weeks. The indicated concentra- 
tions ol ddGTP were added to the telonitrase icaction mixtures. These conccn- 
Iralions wen.' previously determined to cause no inhibition ol llie I'f'Us when 
added to the PCK mixture only following the tclomcrasc reaction (data not 
ft- | I I I e 

The amount ol exlrael used per reaelion represented approximately 100 cells, 
villi 11 he total icaelion mtxluie I k n 1 luring II) polya i 
amide gel. (Ii and C:) TRAP assays were performed in duplicate as in panel A, 
with approximately UNI cells per reaction, and contained the indicated concen- 
trations of ddGTP or AZT-TP added to the telomerasc reaction mixture. These 
concentrations were previously determined lo cause no inhibition of the PCR. 
(B) JY616 cells grown in III uM ddCi fur one passage ,, ) and in II) |i M dd( I lor 
12, 10, and 3X passages (■) or in 0.(11% DMSO for one passage (A) or 30 
passages (A) (C) Jurkal I lis vi issa r 100 u-M AZT (■) 

oi RPMI contiol medium ( A i The two Jurkal eullures grown in A/.T are each 
passage 16 of the same passaging scucs shown in Fig. 9. lanes 17 to 20 and 20 to 
30, and the control RPMI culture is passage In ol a passaging series similar lo 
thai shown in Fig. 9, lanes 7 lo 10. 



complex, suggesting that multiple subpopulations of telomeres 
with widely separated mean lengths were generated, each sub- 
population having a relatively tight distribution about its mean 
length, so that the telomeres now fell into discrete length 
subsets (Fig. 9, lanes 9 and 10 and lanes 28 to 30). In one 
culture grown in 100 |xM AZT, one modal telomere size class, 
which shortened in concert with the rest of the telomeres, 
decreased in mean TRF length from —12 to ~8 kb over 15 
passages, a shortening rate of ~50 bp/MPD (Fig. 9, lanes 16 to 
20). The entire telomere population in this culture showed the 
same steady shortening over the entire 15 passages (92 MPDs) 
monitored. This shortening was clearly distinguishable from 
the length variations in control cultures: without AZT or ddG 
no similar steady shortening was seen in any of the total of 24 
different Jurkat E6-1 cell-passaging series analyzed. In con- 
trast, telomeres in the duplicate AZT culture (Fig. 9, lanes 26 
to 30) showed the same general increase in telomere lengths as 
did several of the control cultures (compare with Fig. 9, lanes 
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21 to 25). However, the sensitivity to AZT-TP of telomerase 
activity from both cultures remained the same as that for the 
control culture (Fig. 6). 

Extreme telomere shortening without cell senescence. The 
shortest mean TRF lengths occurred in JY616 cells grown in 
the presence of ddG or Ara-G. Examples were found in which 
the mean TRF lengths were —1.1 kb (ddG, foscarnet, plus 
Ara-G), —1.6 kb (ddG plus foscarnet), —1.3 kb (another cul- 
ture grown in ddG plus foscarnet), and —1.4 kb (a culture 
grown in ddG plus foscarnet plus Ara-G) (Fig. 2 and 3 and data 
not shown). Furthermore, the broad band comprising the total 
telomeric fragment population was clearly visible down to 1.0 
kb at these and several other points in these experiments (for 
example, Fig. IB, lane 17 and Fig. 1C, lanes 10 and 18). Be- 
cause the hybridization signal obtained with the short oligonu- 
cleotide probe (TTAGGG) 3 underestimates the numbers of 
telomere molecules in proportion to the shortness of the telo- 
mere tract (see references 8 and 26 for discussion), the mean 
telomere length was also calculated as described previously 
(17) to correct for this underestimate. As expected, even lower 
estimates were obtained for the mean telomere lengths (data 
not shown), and the very short (~1.0-kb) telomeric restriction 
fragments often made up a significant proportion of the total 
telomeres present in the cell population. 

The TRFs include subtelomeric DNA, which contains tracts 
of degenerate, TTAGGG-cross-hybridizing sequences (1, 7). 
Because it is not known whether these act as functional TTA 
GGG tracts, the presence of these degenerate tracts normally 
prevents exact length determination of the functional tracts on 
natural human telomeres. An estimate for the minimum telo- 
meric TTAGGG-hybridi/itiu tracts in a human embryonic kid- 
ney cell line at crisis was made with the same Rsal-Hinfl di- 
gestion of human genomic DNA used here, by quantitating the 
TTAGGG repeat hybridi ti n ign Is is i function of TRF 
length. At crisis, the mean TRF length fell to its observed 
minimum of -3.4 kb, and the average length of TTAGGG- 
hybridi/ing repeat tracts was —1.5 kb in these cells (S). Hence, 
the shortest TRFs in the JY616 cells were considerably shorter 
than those reported previously for natural telomeres. This may 
reflect the different cell types used in the different studies or, 
possibly, differences in growth conditions between this and 
other studies. 

In an experiment in which JY616 cell cultures were main- 
tained in parallel in continuous log-phase growth by frequent 
passaging for up to 281 days in either RPMI medium alone, 
0.01% DMSO, or various inhibitors, the shortest mean telo- 
mere lengths observed were in 12 u.M Ara-G (-1.6 kb; Fig. 7), 
and 10 |xM ddG (-1.7 kb; Fig. 7). After these shortest telo- 
meres were observed, the mean telomeric fragment lengths 
increased slightly and then stabilized at -2.1 and -2.0 kb, 
respectively. These stabilized lengths represented relative net 
losses of —0.9 and —1.3 kb, respectively, from the measured 
starting lengths. The loss, gain, and stabilization of these telo- 
meres were reminiscent of the dynamics seen in the small 
fraction of primary cells which overcome cell cycle controls to 
become immortalized (8, 23). However, in the situation re- 
ported here, these telomere length changes were not accom- 
panied by any significant decreases in cell population doubling 
rates or increases in the percentage of trypan-blue-positive 
cells, which might have indicated increased cell death. 

In all the experiments, in spite of the dramatic telomere 
losses in JY616 cells, no senescence phenotype was observed 
for the cell population, even after continuous logarithmic 
phase growth in the presence of 10 u,M ddG for up to 238 
mean population doublings (Fig. 1, 2, and 7 and data not 
shown). Likewise, Jurkat cells maintained in logarithmic-phase 
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growth for -100 MPDs in the presence or absence of inhibi- 
tors showed no decrease in growth rate or changes in cell 
morphology (data not shown). At the times during propagation 
when telomeres reached minimal lengths, as discussed above, 
there were no detectable changes in cell viabilities or popula- 
tion doubling rates. Hence, even extreme loss of telomeric 
DNA in these immortalized cell lines did not correlate with 
morphological changes, senescence, or cell death. 

DISCUSSION 

Human telomere shortening and telomerase inhibition by 
the nucleoside analog ddG. We have shown here that the 
nucleoside analog ddG reproducibly causes progressive telo- 
mere shortening in two immortalized human lymphoid cell 
lines, the B-cell line JY616 and the T-cell line Jurkat E6-1. This 
analog was the only reverse transcriptase inhibitor tested that 
consistently caused this effect in every culture duplicate of both 
cell lines. The progressive loss of telomeric DNA observed 



with ddG and in some cultures with AZT is predicted to occur 
in the absence of telomerase (reviewed in references 3 and 10) 
and resembles that initially seen after disruption of the telo- 
merase RNA gene in T. thermophila and the budding yeasts K 
iactis and S. cerevisiae (12, 31, 41, 46). Similar gradual short- 
ening was reported in some subclones of an immortalized 
human fibroblast line which lacks detectable telomerase (34) 
and in human primary fibroblasts in culture, which also lacked 
detectable telomerase activity, as they approached senescence 
(8). However, telomerase activity was present in cell-free frac- 
tions of both the cell lines studied here and was efficiently 
inhibited in vitro by ddGTP. No effects on cell doubling rates, 
viability, or morphology occurred at the ddG concentrations 
used here, suggesting that other cellular DNA polymerases or 
DNA metabolic enzymes were not significantly perturbed. 
These results suggest that the progressive telomere shortening 
in all cultures grown in ddG is caused by inhibition of telo- 
merase itself. The in vitro results further suggest that in human 
cells, ddG may cause its telomere-shortening effects by binding 
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to and competing tor the nucleoside triphosphatc-binding site 
of telomerase rather than by being incorporated and causing 
chain termination, since no evidence was found for incorpora- 
tion of chain-terminating ddG residues in vitro. Hence, these 
findings provide evidence that telomere maintenance in human 
cells in culture can be perturbed by inhibition of telomerase 
activity by an exogenously added nucleoside analog. 

In spite of significant telomere losses, the two established 
immortalized cell lines studied here continued to thrive. No 
senescence or changes in overall cell growth rates were ob- 
served even after continuous passaging under log-phase 
growth conditions for almost 1 year in the presence of ddG. 
Specifically, a significant finding was that no changes in dou- 
bling rates were detected at the points at which telomeres first 
reached minimum lengths. Telomerase remained sensitive to 
ddGTP in vitro. These results suggest that the degree of dis- 
ruption of telomerase in these cell lines was insufficient to 
promote cellular senescence. 

The ability of immortalized JY616 B cells to maintain telo- 
meres at short lengths for prolonged periods in the presence of 
ddG, with no apparent decrease of population doubling rates, 
is consistent with observations in other systems suggesting that 
telomere length is regulated. Telomeres in many organisms do 
not normally fall below specific minimum lengths. During cell 
divisions in several of the same reverse transcriptase inhibitors 
tested here, T. thermophila telomeres decreased to a minimum 
threshold length below which no telomeres were detectable 
(42). Other studies of human telomeres are also indicative of a 
critical lower length limit below which telomere associations 
and fusions may increase (reviewed in reference 10). However, 
the exact minimum length for the TTAGGG repeat tract in 



human telomeres is unclear. In all the JY616 cultures, there 
appeared to be a minimum threshold length for the TRFs of 
—1.0 kb. Hence, if the subtelomeric sequences in the TRFs of 
this cell line are similar to those in the embryonic kidney cell 
line analyzed by Counter et al. (8), this may represent as little 
as a few hundred base pairs of telomeric TTAGGG repeats. 
Such a short length is consistent with the very short telomeric 
TTAGGG repeat tracts reported at the end of an artificially 
constructed telomere in an immortalized human fibroblast cell 
line lacking detectable telomerase (34). Lacking associated 
tracts of degenerate TTAGGG-cross-hybridizing repeats, this 
telomere allowed accurate measurement of its minimal telo- 
meric TTAGGG repeat tract length. At times, this was as little 
as a few hundred base pairs or less, with no apparent accom- 
panying changes in cell growth rates or chromosome loss (34). 

Analysis of telomere length regulation in cells of the yeast Al 
lactis synthesizing variant telomeric sequences has provided 
strong evidence that interactions with the telomeric DNA- 
protein complex regulate telomerase action at the chromo- 
some end (31). The predicted consequence of this feedback 
mechanism is the selective addition of telomeric repeats to 
telomeres bearing shorter telomeric tracts, bringing their net 
lengths up to the level of the average population. While no 
direct information is available about the mechanism of such 
regulation in human cells, our results suggest that similar feed- 
back could operate in the B- and T-cell lines maintained in 
ddG. In addition, as discussed below, sporadic mass shortening 
of the entire telomere population in several cultures also oc- 
curred, with no accompanying changes in cell population dou- 
bling rates or cell morphology and no evidence for senescence. 
The lack of senescence or cell death when the telomeres 
reached very short lengths and the stabilization of telomeres 
after that point suggest that to effectively overcome the regu- 
lation of telomere repeat addition, it will be necessary to per- 
turb telomere length more severely than was accomplished by 
the inhibitors in this study. 

Evidence for nonreciprocal recombination or gene conver- 
sion events. An unexpected outcome of the present studies was 
the high degree of variability in telomere lengths revealed in 
both of the human immortalized lymphoid cell lines analyzed. 
In the JY616 B-cell line, the stochastic changes in telomere 
lengths were usually concerted increases and decreases in 
mean length of the entire telomere population. These occurred 
either gradually or rapidly. Gradual concerted length changes 
are expected if the predominant telomere maintenance mech- 
anism involves regulated additions by telomerase, countered 
by gradual telomere-shortening processes. In other human and 
nonhuman systems, telomeres are also globally regulated in 
concert (2, 8, 25, 43), with mean telomere length and length 
distribution being determined by the interactions of many ge- 
netic loci in S. cerevisiae (43; reviewed in reference 3). Over 
time, even slight perturbations of the relative rates of telo- 
merase action versus DNA losses from the chromosome end 
will lead to gradual lengthening or shortening (reviewed in 
reference 3)." While in the JY616 cells the trend was often 
toward gradual shortening (Fig. 1A, 7, and 8), this varied in 
rate even between duplicate cultures. In some but not all ddA 
and DMSO cultures, the mean TRF length increased gradually 
throughout the entire passaging (data not shown). These re- 
sults suggest that the actions of telomerase and shortening 
mechanisms were modulated in a variable fashion. Since dif- 
ferent cell culture aliquots showed marked differences in the 
lengths of the entire telomere population from culture to cul- 
ture, small changes in cell conditions and possibly feedback 
between cells may have occurred in each cell population. 

The sudden large drops in average telomere length, most 
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notably the ~380-bp/MPD drop in one JY616 cell culture 
grown in Ara-G, were much faster than predicted from lack of 
telomerase activity, which has been associated with loss rates of 
only -50 bp per MPD (8, 17, 34). In addition, the ~600-bp/ 
MPD length increase in one foscarnet culture (Fig. 7 and 8) 
was much greater than expected for telomerase action. Again, 
it was striking that in JY616 cells, usually the entire telomere 
population was shifted abruptly up or down in length. 

The Jurkat E6-1 T-cell line showed even more complex and 
dynamic telomere length behavior. On the one hand, except in 
ddG, most telomeres in most T-cell cultures gradually length- 
ened during prolonged log-phase growth, with few if any telo- 
meres detectable in the lower regions of the gels. On the other 
hand, the telomere population also stochastically showed sud- 
den large changes in patterns of length distributions, with sev- 
eral discrete size classes often generated simultaneously. The 
observation of rapid, wide fluctuations in telomere lengths in 
an immortalized fibroblast cell line lacking detectable telo- 
merase activity led Murnane et al. to propose that elongation 
of shortened telomeres can occur by nonreciprocal recombi- 
nation (34). The large, rapid, stochastic increases and de- 
creases in average telomere lengths in the B and T cells studied 
here are strikingly similar to the results with this fibroblast line. 
Telomere-telomere gene conversion and/or recombination 
events, often leading to massively lengthened telomeres, have 



been seen in K. laais cells with telomerase RNA gene deletions 
(31a). The nontelomerase telomere maintenance pathways op- 
erative in the descendents of the survivors of the telomerase 
RNA deletion event and in the human fibroblast cell line 
lacking detectable telomerase (34) are adequate to support 
indefinite and relatively rapid cell population doubling rates. 

To account for the surprising degree of telomere length 
variability in the immortalized human B and T cells analyzed 
here, we propose that in these cells, telomeres are maintained 
through a combination of telomerase and nontelomerase 
mechanisms acting on lelomeric DNA. Our results indicate 
that the relative predominance of these mechanisms is char- 
acteristic of individual cell lines and may vary within a cell line 
at different times. Specifically, we propose that the large length 
changes characteristic of the Jurkat cell cultures and seen more 
rarely in the JY616 cultures result from extensive nonrecipro- 
cal recombination or gene conversions between telomeres. 
Such mechanisms could lead to periodic homogeneous length- 
ening or shortening of subsets of the telomeric population. 
These observations suggest for the first time for human cells 
that nontelomerase mechanisms can be a major determinant of 
telomere length, even in cells in which telomerase is active, and 
can obscure its action. Such pathways are potentially an im- 
pediment to therapeutic approaches involving targeting telo- 
merase activity. 
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An important aspect of the present study is that the strong 
stochastic component of telomere length variation would not 
have been revealed if we had not passaged and analyzed du- 
plicate and often multiple cultures in parallel from the same 
initial stock. The variability in telomere populations was par- 
ticularly striking because cell growth conditions were carefully 
controlled: MPD rates were monitored closely by cell counting, 
and passaging was performed quantitatively and frequently to 
maintain logarithmic growth rates. However, even though 
measured MPD rates may be constant for long periods, a 
characteristic of immortalized mammalian cells maintained in 
culture is the wide range of doubling rates of individual cells in 
the population. One study has shown that slowly and rapidly 
dividing cells within an immortalized population growing at a 
steady overall rate constantly give rise to cells with highly 
heterogeneous division rates, whose doubling rates repeatedly 
tend toward that of the population as a whole (16). Hence, 
even though we observed constant MPD rates, the superposi- 
tion of inherent clonal heterogeneity onto stochastic alter- 
ations in telomere lengths may have contributed significantly to 
the large jumps in length seen in the populations and subpopu- 
lations of telomeres. 

Effects of AZT on telomere maintenance. Stochastic varia- 
tions in cell populations with variable clonal cell division rates 
may underlie the differences we observed between duplicate 
cultures grown in AZT, the only other inhibitor besides ddG 
that caused significant progressive telomere shortening. Al- 
though the effects were not identical from one culture aliquot 
to another, when telomere shortening did occur in the pres- 
ence of AZT, the trend was very consistent for many passag- 
ings. Although AZT-TP was only a relatively weak inhibitor of 
human T- and R-cell telomerase in the in vitro assays used 
here, such assays may not directly reflect the degree of the 
effects in the cell. 

Our results suggest that AZT-TP may exert a direct effect on 
human telomerase and that AZT can perturb telomere main- 
tenance in immortalized T cells. As AZT is used clinically in 
the treatment of AIDS (24), its effect on a T-cell telomerase is 
of particular interest. It has recently been shown that normal T 
cells express telomerase activity (6a). Since human immuno- 
deficiency virus type 1 infection is accompanied by large 
amounts of new CD4 + T-cell production (20, 45), sustaining 
this additional prolonged proliferation in response to human 
immunodeficiency virus type 1 infection may require telomer- 
ase activity. Therefore, although the predominance of different 
pathways for telomere maintenance may differ between cell 
types and immortalized cells in culture may differ from those in 
vivo, a possible clinical implication of these findings is that 
AZT may interfere with telomere maintenance and hence 
could compromise T-cell proliferation during human immuno- 
deficiency virus type 1 infection in patients. 

In summary, we have shown that ddG causes marked pro- 
gressive telomere loss in immortalized cells in culture, proba- 
bly from inhibition of telomerase activity, and our data suggest 
that AZT may have similar effects. However, overall cell 
growth rates were unchanged, and the results suggest that 
when telomeres become very short, they may be subject to 
regulation which counteracts further losses of telomeric DNA. 
These detailed studies of telomere length dynamics also un- 
covered a strong variable and stochastic component to telo- 
mere length regulation in the two immortalized cell lines an- 
alyzed. These insights into telomere length regulation may be 
relevant to therapeutic approaches against both cancer and 
human immunodeficiency virus type 1 infection. 



ACKNOWLEDGMENTS 

We thank Karen Kirk, Michael McEachem, and Renata Gallagher 
for critical comments on the manuscript and other laboratory members 
for helpful discussions; Joel Goodman and Ait Weiss, University of 
California, San Francisco, for cell strains; and Raymond F. Schinazi, 
AIDS Research and Reference Reagent program, division of AIDS, 
NIAID, NIH, for AZT-5'-triphospbate. 

This work was supported by grant GM26259 from the NIH to E.H.B. 
laboratory facilities were provided in part by the Lucille P. Markey 
Charitable Trust. 

REFERENCES 

1. Allshire, R. C, J. R. Gosden, S. H. Cross, G. Cranston, N. Rout, J. W. 

Sugawara, J. W. Szostak, P. Fantes, and N. D. Hastie. 1988. Telomeric 

tepcal Irian I llwnntiplula in us hybridizes with human telomeres. Nature 

(I-ondon) 332:656-659. 
2 Bernards, A, P. A. M. Michels, C. R. Uncke, and P. Borst. 1983. Growth of 
ii mttn Is in rr jllij I i i i ,i < , m, -i tun ' i (3:592 

597. 

3. Blackburn, E. H. 1991. Slructure and function of telomeres. Nature (Lon- 
don) 35fl:5c9-57V 

4. Blackburn, E. II. 1995. lelomer.ise. p. 557-576. In R. F. < icslcland and I. F 
Atkins fed), The RNA world ( old Spring Harbor 1 aboratory Press, ( old 
Spring Harbor, N.Y. 

5. Blackburn. E. II. 1994 Telomeres no end in sifht Cell 77:521 623 

6. Blackburn, E. H., and S.-S. Chiou. 19X1. Non-nucleosomal packaging of a 
tandcmly lepealed DNA sequence al termini ul exlrachi omosomul DMA 
coding for rRNA in Tetmkymena. Proc. Natl. Acad Sci. US A 78:2263-2267 

6a.Broccoli, D., J. W. Young, and T. De Lange. 1995. Telomerase activity in 
normal and malignant hematopoietic cells. Proc. Natl. Acad. Sci. USA 92: 
9082-9086. 

7. Brown, W. R. A., P. J. MacKinnon, A. Villasante, N. Spurr, V. J. Buckle, and 
M. J. Dobson. 1990 Slructure and polymorphism ol human telomere- asso- 
ciated DNA. Cell 63:119-132. 

8. Counter, C. M., A. A. Avilion, C. E. LcFcuvrc, N. G. Stewart, C. W. Grcidcr, 
C. B. Harley, and S. Bacchetti. 1 n I elornere short 1 I 
ell I instability is an I imn rtal cell ! I I I r 
ase activity UMBO J 11:1 921- ! 929 

9. Counter, C. M., H. W. Hirte, S. Bacchetti, and C. B. Harley. 1994. Telo- 
merase activity m hum. in ovarian carcinoma. Proc. Nail. Acad Sci. USA 91: 
2900-2904. 

10. de Lange, T. 1994. Activation ol telometasc in a human tumor. Proc. Natl. 

Acad. Sci. USA 91:2882-2885. 
11 de Lange, T„ L. Shiue, R. M. Myers, D. R. Cox, S. L. Naylor, A. M. Killery, 

and It. E. Vannus. 1990. Stiuctute and variability ol human chromosome 

ends. Mol. Cell. Biol. 10:518-527. 
Ila.Gilley, D., and E. H. Blackburn. 1996. Specific RNA residue interactions 

required tot enzymatic luneliousol Tetruhmrn* leloinei ase Mol ( ell. Hail 

16:66-75. 

12. Gilley, D., M. S. Lee, and E. H. Blackburn. 1995. Telomerase RNA residues 
play critical loles m active sue function. Genes Dev. 9:2214-2226. 

13. Gotlschling, D. E., and V. A. Zakian. 1986. Telomere proteins: specific 
recognition and protection ol the natural termini of Omncha macrouuclcar 
UNA. Cell 47:195-205. 

14. Greider, C. W„ and E. H. Blackburn. 1985. Identification of a specific 
Iclomc i in i i lera.se a I I t i, , I i < 1 4' 
413. 

15. Greider, C. W„ and E. H. Blackburn. 1989. A telomeric sequence in the 
UNA ol /Wni/ivmcnti lelumeiasc requited lot telomere repeal synthesis. 
Nature (London) 337:331-337. 

Id. Grundel, R-, and II. Rubin. 1988. Maintenance ol multiplication rule stability 
I c a i t il in ins in i ie l i I liclci i it monn ir ldu lis J. i II 
Sci. 91:571-576. 

17. Harley, C. B., A. B. Futcher, and C. W. Greider. 1990. Telomeres shorten 
during ageing of human fibroblasts. Nature ( I ondon) 545:458-460. 

18. Hastie, N. D., M. Dempster, M. G. Dunlop, A. M. Thompson, D. K. Green, 
and B. C. Allshire. 1990. Telomere i eduction in human colorectal carcinoma 
and with ageing. Nature (London) 346:866-868. 

19. Hiyama, E., K." Hiyama, T. Yokoyama, Y. Matsuura, M. A. Piatyszek, and 
J. W. Shay. 1995. Correlating telomerase activity levels with human ncuro- 
bla to utci m. - Nat M il 1 1 1< 25 5 

20. Ho, D. D., A. U. Neumann, A. S. Perelson, W. Chen, J. M. Leonard, and M. 
Markowit?. 1995 Rapid turnove, ol plasma vinous and <T>4 lymphocytes in 
HIV-1 infection. Nature (London) 373:123-126. 

21. Holzmann, K-, N. Blin, C. Welter, K. D. Zang, G. Seitz, and W. Henn. 1993. 
reloi .itii ii 1 I f telomeric 1 \ repeals in renal tumor 
denes Chromosomes Cancer 6:178-181. 

22. Kim, N. W., M. A. Piatyszek, K. R. Prowse, C. B. Harley, M. D. West, P. L. C. 
Ho, G. M. Coviello, W. E. Wright, S. L. Weinrich, and J. W. Shay. 1994. 
Specific association of human telomerase activity with immortal cells and 



Vol. 16, 1996 



HUMAN TELOMERES AND REVERSE TRANSCRIPTASE INHIBITORS 65 



cancer. Science 266:2(11 1-2015. 

23. Klingelhutz, A. J., S. A. Barber, P. P. Smith, K. Dyer, and J. K. McDougall. 

1 ' Ri toral elm crcs 11 hur m papillomavm immortalize J hu- 
man anogenilal c I Is Mol Cell. Biol 14 961-969. 

24. Larder, B. A. 1993. Inhibitors ol HIV reverse transcriptase as antiviral agents 
and drug resistance, p. 205-222. In A. M. Skalka and S. P. Cioll (ed ). 
Reverse lranstripta.se Cold Sprme Haibor Ijlinralorv I'ress. Cold Sprma 
Harbor, N.Y. 

25. Larson, D. D., E. A. Spangler, and E. H. Blackburn. 19X7. Dynamics of 
telomere lenglh nation in Temu > ' 1150:477-483. 

26. Levy, M. 7L, R. C. AIlsopp, A. B. Futcher, C. W. Greider, and C. B. Harley. 
1992. Telomere end-replieaiion problem and veil aiting .1 Mol. Biol. 225: 
951-960. 

27. Lundblad, V., and E. H. Blackburn. 1993. Am alternative pathway lor yeast 
telomere maintenance rescues a/1 seneseenee. (.'ell 73:347-11,0. 

28. Lnndblad, V., and J. W. Szostak. 1989. A mutant with a defect in telomere 
elongation leads to senescence in yeast. Cell 57:1)33-643. 

29. McCaffrey, R., T. A. Harrison, R. Parkman, and D. Baltimore. 1975. Ter- 
minal deoxynucleotidyl transferase activity in human leukemic cells and m 
normal human thymocytes. N. ling]. J. Med. 292:775-780. 

Ml. McClintock. B. 1939. The behavior ol successive nuclear divisions ol a 
chromosome broken at meiosis. Proc. Natl. Acad. Sci. USA 25:4113 aid 

31. McEachern, M, and E. H. Blackburn. 1995. Runaway telomeres in telo- 
merasc RNA gene mutants ..I Klimenmmvx Uim. Nature (London) 276: 
403-409. 

31a.McEachera, M., and E. H. Blackburn. Submitted for publication. 

32. Morin, G. B. 1989. The human telomere terminal transferase enzyme is a 

ru | n that synth lTA(i< a II 59:521 

33. Moyzis, R. K., J. M. Buckingham, L. S. Cram, M. Dani, L. L. Deaven, M. D. 
Jones, J. Meyne, R. l„ Ratliff, and J. Wu. 19X8. A highly conscrv ed repetitive 
DNA sequence. (TTAlKiG)„, present at the telomeres of human chromo- 
somes. Proc. Nail. Acad. Sci. USA 85:6022-662(1. 

34. Murnane, J. P., L. Sabatie, B. A. Marder, and W. F. Morgan. 1994. Telomere 
dynamics in an immortal human cell line. F.MBO J. 13:4953-4962. 



35. Nilsson, P., C. Mehle, K. Rentes, and G. Roos. 1994. Telomerase activity in 

36. Prowse, K. R., and C. W. Greider 199s I y , , mci i ,1 and tissue specific 

egul.ition ol 'mouse telon i ml I icrc Icni'th. I Natl IS 
USA 92:4818-4822. 

.37. Rogalla, P., B. Kazraierczak, C. Rohen, G. Trams, S. Bartnitzke, and J. 
Bullcrdiek. 1994 Two human breast cancer cell lines iowh cr m 
tclnmeric repeat length during early in wow passaging, lancer Cenct. Cv- 
togenct. 77:19-25. 

38. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a 

laboratory manual 2nd ed Cold Spimg Harbor I aboratorv Ptess, Cold 

Spring Harbor, N.Y. 
39 Sehmitt, H., N. Blin, H. Zankl, and H. Seherthan. 1994. Telomere length 

variation in normal and malignant human tissues. Genes Chromosomes 

Cancer 11:171-177. 

40. Shippen-Lentz, D., and E. H. Blackburn. 1990. Functional evidence for an 
RNA template in telomerase. Science 247:340-532 

41. Singer, M. S., and D. E. Gottschling. 1994. 77.(7" template RNA compo- 
nent ol SMihanmyies ^mime iclomcrase Science 266:4114-4(19. 

42. Slrahl, C, and E. H. Blackburn. 1994. The effects ol nucleoside analogs on 
telomerase in, crcs in * ,, lucleic Acids Res. 22:893-900. 

43. Walmsley, R. M., and T. D. Petes. 19X5. Genetic control of chromosome 
length in yeast. Proc. NaU. Acad. Sci. USA 82:506-510. 

44. Wang, S.-S., and V. A. Zakian. 1990. Telomere-telomere rccombinalion 
provides an express pathway lor telomere acquisition. Nature (1 iindnnl 345: 
456-458. 

45. Wei, X., S. K. Ghosh, M. E. Taylor, V. A. Johnson, E. A. Emini, P. Deulsch, 
J. D. Lifson, S. Bonhoeier, M. A. Nowak, B. H. Hahn, M. S. Saag, and G. M. 
Shaw. 1995. Viral dynamics in human immun idi n en - irus type 1 ini 
lion. Nature (London) 373:117-122. 

46. Yu, G., J. D. Bradley, L. D. Attardi, and E. H. Blackburn. 1990. In vivo 
alteration of telomere sequences and senescence caused by mutated Telra- 
hvmem (elomcia.se RNAs Nature (I ondon) 344:126-131. 



Exhibit 5: Murakami et al., "Inhibition of Telomerase Activity and Cell Proliferation by a 
Reverse Transcriptase Inhibitor in Gynaecological Cancer Cell Lines," Eur. J. 
Cancer 35(6): 1027-34 (1999). 



PII: S0959-8049(99)00037-4 



Original Paper 
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Telomerase is a ribonucleoprotein which has a RNA template to bind and extend telomere ends so 
prolonging the life of tumour cells. The aim of this study was to determine whether transcriptase 
function of telomerase could be inhibited by the reverse transcriptase inhibitors (RTI); azydothymi- 
dine (AZT), dideoxyinosine (ddl) and AZT-5' triphosphate(AZT-TP). We examined their effects on 
the proliferation of cancer cells and the antitumour effects of cisplatin in vitro. The three agents did 
not cause major changes in telomerase activity or telomere length in MCAS cells. However, in HEC-1 
cells changes in telomerase activity and telomere length were observed that were dependent on the 
RTI concentration and duration of exposure, ddl and AZT-TP reduced telomerase activity and shor- 
tened the length of the telomere. In the presence of RTI, the antitumour effects of cisplatin were 
enhanced. This was particularly evident in HEC-1 cells where there was a marked reduction in cell 
^4? f !T atl0n ' a PP earance of morphological changes and senescent-like cells in the presence of ddl or 
AZT-TP. In MCAS cells, TP53 expression was increased by ddl and AZT-TP, while p21 expression 
was unchanged. In HEC-1 cells the expression of both TP53 and P21 was increased by ddl. Continuous 
administration of RTI enhanced the cell growth inhibition of cisplatin. RTI also inhibited the pro- 
liferation of some cells. © 1999 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Telomeres are the extreme ends of chromosomes, and their 
length is continuously reduced because of incomplete repli- 
cation at the time of cell division. As the telomere shortens 
with cell divisions, the chromosome becomes unstable and 
cell senescence occurs. 

Telomerase is a ribonucleoprotein which has a RNA tem- 
plate, binds and extend telomere ends. Telomerase activity is 
not detected in many normal adult somatic cells, but it is 
detected in germ cells, stem cells and cancer cells. Telomer- 
ase activity is extremely high in human cancer, and many 
attempts have been made to utilise telomerase activity in the 
diagnosis and management of cancer [1-5]. 



Correspondence to J. Murakami. 

Received 1 1 Sep. 1998; revised 4 Jan. 1999; accepted 22 Jan. 1999. 



Telomerase activity generally correlates with growth rate 
[6] and reflects differences in proliferation between tumour 
and normal cells [7]. Therefore, it should be possible to 
inhibit cell proliferation by suppressing telomerase activity. 
Several reports have described attempts to inhibit telomerase 
activity using reverse transcriptase inhibitors [8-11]. Telo- 
merase activity can be inhibited and the telomere length 
shortened by retrovirus reverse transcriptase inhibitors such 
as azidothymidine (AZT), dideoxyguanosine (ddG), 
dideoxyinosine (ddl), arabinofuranyl-guanosine (Ara-G) and 
AZT-5' triphosphate (AZT-TP) [8, 10]. We reviewed agents 
which are actually used clinically at present or agents which 
are going to be released soon. In the present study we used 
reverse transcriptase inhibitors to inhibit the transcription 
function of telomerase and examined the effect on the pro- 
liferation of cancer cells in vitro. We also examined their effect 
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Table 1. Effect of RTI in MCAS and HEC-l cells 
Inhibition efficiency 



IC 50 Concentration Cell growth (MTT 
((iM) (|tM) assay) inhibition (%) 



MCAS AZT 



HEC-l AZT 



in vitro on the antitumour action of cisplatin, a drug widely 
used in the treatment of gynaecological and other tumours. 
Finally, we examined whether long-term administration of 
reverse transcriptase inhibitors affected expression of the 
TPS3 and p21 gene since these genes are thought to play a 
role in tumour cell growth and senescence. 

MATERIALS AND METHODS 

Cell lines 

The human MCAS ovarian mucinous cystadenocarcinoma 
cells and HEC-l uterine endometrial carcinoma G2 cells 
were obtained from the Japanese Cancer Research Resources 
Cell Bank. These cells were maintained al 37°C under 5% 
C0 2 in RPMI 1640 (Gibco BRL, Grand Island, New York, 
U.S.A.) and 10% fetal calf serum supplemented with 
penicillin (lOOU/mL), and streptomycin (lOOug/mL) or 
gentamicin (50jig/mL). Cells were counted with a haemo- 
cytometer and passaged every 4 to 6 days (five to seven 
population doublings) by reseeding 5x 10 4 cells per flask into 
fresh medium. 

The nucleoside analogues, azidothymidine (AZT), 
dideoxyinosine (ddl) and AZT-5'-triphosphate (AZT-TP), 



were purchased from Sigma (St Louis, Missouri, U.S.A.). 
Cells were harvested cells at various time points, pelleted, 
frozen in liquid nitrogen and stored at - 80°C. 

Telomeric repeat amplification protocol assay 

Preparation of cell extracts. The telomeric repeat amplifi- 
cation (TRAP) assay and the quantification of telomerase 
activity were performed as descrived previously [12]. The 
TRAPeze telomerase detection kit (Geron, Maryland, 
U.S.A.) was used according to the manufacturers instructions 
(Oncor, Gaithersburg, Maryland, U.S.A.) with minor mod- 
ifications [13]. Cells were lysed, incubated on ice for 30min, 
and then the lysate was centrifuged at 1 5 000 x g for 20 min at 
4"C. The resulting supernatant fluid was transferred to a 
microtube, frozen and stored at -80 D C. For the PCR reac- 
tion 1 to 2 nL of extract (5 ug of protein) was added to the 
48 uL reaction mixture that contained 2 U Taq DNA poly- 
merase. After incubation at room temperature for 30 min for 
the telomerase extension reaction, the samples were subjected 
to 31 cycles of 94°C for 30 sec, 50"C for 30 sec and 7 2° C for 
45 sec. PCR products were electrophoresed, and the gel was 
stained with SYBR® Green 1 (Molecular Probes Inc., Ore- 
gon, U.S.A.). Ladder formation was observed under a 
254 nm transilluminator. 

TRAP assay quantification was done as previously descri- 
bed [13]. The intensity of bands with 6-base periodicity 
above the internal control band as assessed by the Phosphol- 
maging System (EDAS system) BioMax ID software from 
Kodak (Rochester, New York, U.S.A.). After subtraction of 
background the sum of the total pixels for all bands was 
divided by the pixels of the internal control band to deter- 
mined a relative telomerase activity. 

Cell growth inhibition by anticancer agents 

On day 0 exponentially growing cells were harvested with 
trypsin (0.05%): EDTA (0.02%) and resuspended to a final 



Figure 1. Inhibition of telomerase activity by RTIs. Telomerase activity was detected by the TRAP assay. TSR8 control template 
was used as a positive control and lysis buffer alone as a negative control. (-), medium without RTI. The band at the bottom is an 
internal control band of 36 bp. 
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ti of 1 .Ox 10 3 cells per mL in fresh medium with 
1% FCS. Cell suspensions (100 |iL) were dispensed into the 
individual wells of a 96-well tissue culture plate (Falcon, 
Franklin Lakes, New Jersey, U.S.A.). The cells were allowed 
to attach overnight, then cisplatin (50 uL) at different con- 
centrations as added to individual wells. After 24-h incuba- 
tion with the drug, this medium was replaced with fresh 
medium. 



after 4h at 37°C. Acidified isopropanol (0.04 M HC1) 
(150uL) was added and the solution was mixed thoroughly 
by repeated pipetting with a multichannel pipetter. The 
solution was maintained at room temperature for 15min to 
solubilise the MTT-formazan product. Absorbance was 
measured with an ELISA plate reader at 570/630 nm (test/ 
reference). 



M7T assay 

Viable cell growth was determined by a modified 3-(4,5- 
dimethylthiazol-2-yl), 5-diphenyltetrazolium bromide (MTT) 
assay as described previously [14]. 50 uL of MTT (1 mg per 

mL) was added to each well. The supernatant was removed 0.7% agarose gel electrophi 



Southern blot analysis 

Genomic DNA was prepared from normal and tumour 
tissue with a DNA Extraction Kit (Strategene, La Jolla, 
California, U.S.A.) and digested overnight with Hin I at 
37°C. The resulting fragments (5ug of DNA) underwent 



md then transferred t 
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Figure 2. Changes in cell morphology in the presence of RTI. The cellular morphology of the HEC-1 cell line (a,c,e), and MCAS 
cell line (b,d,f) at the 12th passage in the presence of AZT (a,b), ddl (c,d), AZT-TP (e,f). HEC-1 cells displayed some morpho- 
logical changes consistent with cellular senescence, including cell enlargement, flattening, containing definite vacuoles (c), and 
multinucleated cells appeared (e). In MCAS cells, the cytoplasm was irregular (b,d,f) and cytoplastic vacuoles were shown (d,f). 
Enlarged cells were not observed. a,c,e: x 400 magnifications. b,d,f: x200 magnifications. 
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nylon membranes (Hybond N: Amersham, Little Chalfont, 
Buckinghamshire, U.K.). The membranes were incubated 
overnight at 37°C with cc- 32 p end labelled (CCCTAA) 3 telo- 
meric probe [15], were washed twice at 37°C with 2x stan- 
dard saline citrate (0.1% SDS), and then subjected to 
autoradiography at - 80°C for 12 h. The mean length of the 
terminal restriction fragments (TRFs) was estimated from the 
position of the maximal signal [16]. 

RNA analysis by RT-PCR 

mRNA was prepared with a Quick Prep micro mRNA 
purification kit (Phalmacia Biotech, Uppsala, Sweden), and 
the mRNA was quantified by UV spectrophotometry. cDNA 
was synthesised from 0.5 |tg of mRNA in a lOuL reaction 
mixture containing MMLV reverse transcriptase buffer, 
0.2mM dNTPs, 20pmol random hexamer primers, 10U 
RNase inhibitor and 200 U MMLV reverse transcriptase 
(Toyobo, Osaka, Japan). After incubation at 37°C for 60 min, 
the reaction was heated to 94°C for 2 min, and then reaction 
volume was brought to 50 [iL. A cDNA amount representing 
50 ng of mRNA was subjected to PCR in a final volume of 
25 uL that included 1U of Taq polymerase (Toyobo) and 
lOpmol oligonucleotide primers for target and control genes. 
The following oligonucleotide primers were used [17]. 

TP53 

sense 5-AGGCGCTGCCCCACCA-3 
antisense 5-TTCCGTCCCAGTAGATT-3 
p21 

sense 5-GCCGAAGTCAGTTCCTT-3 
5-TCATGCTGGTCTGCCGC-3 



control: 
p-tubulin 



antisense 



5-TGCATTGACAACGAGGC-3 
5-CTGTCTTGACATTGTTG-3 
PCR conditions were denaturation at 95°C for 30 sec, 
annealing at 62°C for 1 min and extension at 72°C for 1 min. 
PCR products were separated by 12% polyacrylamide gel 
electrophoresis, and bands were visualised by ethidium 
bromide staining and UV transillumination. The target gene 
expression levels were expressed as a ratio of the target to 
control band by a phosphorimaging system. RT-PCR analy- 
sis of each sample was done three times to arrive at a mean 
value for the target/control ratio. 

RESULTS 

RTI inhibition of proliferation 

RTI (AZT, ddl and AZT-TP) was added at various con- 
centrations to MCAS and HEC-1 cells. Cell proliferation 
after 72 h of incubation was assessed by the MTT assay 
(Table 1). Both the cell lines demonstrated reduced pro- 
liferation with increasing concentrations of RTI. Inhibition of 
approximately 20% was observed. Concentrations of AZT 
(100 nM), ddl (10 uM) and AZT-TP (5.0 nM) were selected 
for subsequent experiments. 

Inhibition of telomerase activity and morphological change 

AZT and ddl did not alter telomerase activity in MCAS 
cells, and the activity did not decrease with increased passage 
number. However, AZT-TP caused a slight decrease in telo- 
merase activity at the 12th passage (Figure 1). In HEC-1 
cells, ddl and AZT-TP caused a decrease in telomerase 



activity in relation to passage number. The time between 
passages increased, so while cells were passages every 3 to 
4 days initially, this was extended to every 6 to 7 days by the 
10th passage. Enlarged cells and cells with definite vacuoles 
increased and the rate of cell proliferation decreased sharply 
along the repetition of passaging especially in the presence of 
ddl and AZT-TP (Figure 2). 

Relative telomerase activity 

Almost no change in activity was seen when MCAS cells 
were passaged in the absence of RTI. The maximum 
decrease in activity was 12.6% for AZT, 8.3% for ddl and 
32.5% for AZT-TP (Figure 3). In HEC-1 cells the maximum 
decrease in activity was 32.7% for AZT, 70.3% for ddl and 
91.2% for AZT-TP (Figure 3). 

Change in telomere length 

Changes in telomere length (TRF-terminal restriction 
fragments) with incubation and passage in the presence of 
RTI were assessed (Figure 4). In MCAS cells, TRF length 
showed no clear change with passage in the absence of RTI 
(mean TRF length: 8.3 to 6.4 kbp), and there was no major 
change in the presence of AZT (mean TRF length: 6.2 kbp). 
With ddl there was a slight shortening with cell passage, and 
the mean TRF length decreased by 27.3% (6.6kbp before 
passage to 4.8 kbp after 12 passages). The mean TRF length 
in the presence of AZT-TP decreased by 34.9% (6.3 kbp 
before passage to 4.1 kbp after 12 passages). 

In HEC-1 cells, TRF length showed no clear change with 
passage in the absence of RTI (mean TRF length: 5.8 to 
4.3 kbp). TRF length was shortened with passage in the pre- 
sence of each of the RTIs. The mean TRF length in the pre- 
sence of AZT decreased by 46.6% (5.8 kbp before passage to 
3.1 kbp after 12 passages). The mean TRF length in the pre- 
sence of ddl decreased by 57.9% (5.7 kbp before passage to 
2.4 kbp after 12 passages). In the presence of AZT-TP it 
decreased by 33.3% (5.7 kbp before passage to 3.8 kbp after 
12 passages). 
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Figure 3. Effect of reverse transcriptase inhibitors on relative 
telomerase activity. Relative telomerase activity was calculated 
as the ratio between the sum total of pixel intensity of every 6 bp 
band and the pixel intensity of internal control band. (-) 
medium without RTI. *A sample of the cells before passage. 
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Effects ofRTh on the action of cisplatin 

Cell proliferation was assessed 24 h after the addition of 
serially diluted cisplatin to cells (12th passage) (Figure 5). 
Cell proliferation was suppressed in direct relation to the 
concentration of cisplatin. In MCAS cells, cell proliferation 
was reduced by approximately 23% at a cisplatin concentra- 
tion of 1.95 Hg/mL in the presence of RTIs. No major differ- 
ences in effect were seen between the RTIs. 

In HEC-1 cells AZT and AZT-TP had similar modest 
effects on cell proliferation, whilst ddl had a more significant 
effect. At a cisplatin concentration of 1.95ug/mL, AZT and 
AZT-TP caused a 27.3% decrease in proliferation and ddl a 
43.8% decrease. At a cisplatin concentration of 15.6ug/mL, 
AZT and AZT-TP caused a 32.1% decrease in proliferation 
and ddl an 81.4% decrease (P< 0.005). 

Assessment of the TP53 and p21 genes 

Expression of the TP53 and p21 genes before and after 12 
passages was examined (Figure 6). In MCAS cells, TP53 
expression was minimally affected by AZT, but ddl and 
AZT-TP caused an increase in expression (P< 0.005); the 
expression of p21 was essentially unaffected by the RTIs. In 
HEC-1 cells, the expression of TP53 increased with ddl 
(P< 0.001) but was unaffected by AZT or AZT-TP. The 
expression of p21 increased with ddl (P< 0.001) but was not 
affected by the other two drugs. 

DISCUSSION 

Several studies have already reported on the effects of 
inhibitors of telomerase activity. Norton and colleagues [18] 
reported the specific inhibition of template portions of the 
human telomerase RNA component (hTR) [19] by various 
peptide nucleic acids (PNAs) or phosphorothioate (PS) oli- 
gomers. PNA, in particular, demonstrated excellent inhibi- 
tion of telomerase activity [18,20]. Sun and colleagues [21] 



reported that telomerase activity could be inhibited by the G- 
quadruplex-interactive compound as a target of the nucleic 
acid structure. There have also been studies on the template 




Figure S. Inhibition of cell proliferation of cisplatin in the 
presence of RTI. Stepwise dilutions of cisplatin were added to 
cells at their 12th passage. Cell growth over 24 h was measured 
by MTT assay. (-), medium without RTI. */*<0.00S. 
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portion using protein phosphate 2A [22] and the hammerhead 
ribozyme [23] . Strahl and colleagues demonstrated inhibition 
of telomerase activity in tetrahymena [8] and human T-cell 
and B-cell lines [10] using a nucleotide analogue which inhi- 
bits retroviral reverse transcriptase. They reported good inhi- 
bition of telomerase activity with Ara-GTP and ddGTP. Also, 
AZT significantly reduced telomere length and generated tel- 
omere instability. Although AZT-TP has not been shown to 
inhibit telomerase activity, it is thought to prevent correct 
binding of the enzyme which forms the telomeric sequence. 

In the present study, we examined the effect on telomerase 
activity of long-term culture with RTI analogues. We also 
examined the effect of RTI analogues on the susceptibility of 
cancer cells to cisplatin, a widely used anticancer agent. 
Strahl and colleagues [8, 10] performed a telomerase activity 
assay using cells exposed to analogues for the short time 
required for primer extension and reported that inhibition of 
telomerase activity by ddl or AZT-TP was slight. It has also 



been suggested that telomerase is inhibited by AZT, because 
AZT is converted into AZT-TP and competes with TTP in 
binding to telomeres, and that ddl is also converted into 
ddATP intracellularly to inhibit telomerase [24] . In the pre- 
sent study ddl and AZT-TP significantly inhibited telomer- 
ase activity in HEC-1 cells, though they had little effect in 
MCAS cells. Cell proliferation decreased markedly and flat- 
ting and enlarged cells increased every time the medium 
containing ddl was exchanged during culture of HEC-1 cells. 
It is thought unlikely that these effects were achieved by 
selective inhibition of telomerase activity and induction of 
senescence, and it appears more plausible that cell prolifera- 
tion was decreased by the toxicity of the analogue and telo- 
merase activity decreased as a result. Since AZT inhibited cell 
proliferation irrespective of the level telomerase activity and 
this effect became stronger with an increase in concentration 
[25], AZT may also have shown an effect on telomerase 
activity if it was used at higher concentrations. 
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Figure 6. Expression of (a) TP53 and (b) p21 in MCAS of HEC1 cells. Gene expression at the 12th passage in the presence of RTI 
is shown. (-), medium without RTI. (c) TP53 expression relative to (3-tubulin expression, (d) p21 expression relative to fJ-tubulin 
expression. The intensity of each band was measured densitometrically. Quantities are represented as the ratio between target 
and control, ^-tubulin expression. *A sample of the cells before passage. t-P<0.005, \ F<0.001. 
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Telomere shortening analogues such as AZT and Ara-G 
have caused the most rapid changes in telomere length in 
tetrahymena and human T and B cells, while ddl and ddG 
had no effects [8, 1 0] . 

AZT is thought to have an important role in the main- 
tenance of telomeres. Many apparently senescent cells appear 
in long-term cultures in the presence of AZT [9], with 
aberrant chromosomes that may result from abnormal 
amplification of telomere like centrometric DNA [11]. 
Gomez and colleagues [26] cultured HeLa cells that were 
devoid of telomerase activity in the presence of AZT over a 
long period. According to their findings, the telomeres were 
shortened but there were no signs of senescence. In the pre- 
sent study, none of the three agents shortened telomeres in 
MCAS cells, but ddl and AZT-TP did markedly shorten 
telomeres in HEC-1 cells. This was thought to be ascribable 
to the decrease in telomerase activity. It is possible that telo- 
mere shortening occurred early as a result of senescent-like 
phenotype induction by the analogue. Further study is 
required to characterise the differences seen between the two 
cell lines. 

Cisplatin is widely used in the treatment of gynaecological 
cancer, particularly ovarian cancer [27,28]. However, cispla- 
tin resistance is a problem [29,30]. Burger and colleagues 
[31] targeted the telometric tandem repeat sequence, a G- 
rich sequence, by utilising the fact that cisplatin is associated 
with the G-Pt-G adduct in the formation of intrastrand 
lesions [32]. These investigators reported that telomerase 
activity was specifically reduced by inhibition of transcription 
of the hTR component. Therefore, we examined the effect of 
cisplatin administration in the presence of an RTI. We found 
that the antitumour effects of cisplatin were greater in both 
cell lines in the presence of RTIs. In MCAS cells, the anti- 
tumour effects of cisplatin did not differ between the RTIs, 
but in HEC-1 cells, proliferation was strongly inhibited by 
ddl. It is interesting that the telomerase activity of AZT- 
TP exposed cells were different from that of AZT in HEC-1 
cells, but the antitumour effect of cisplatin was almost simi- 
lar. Telomerase activity has been shown to be higher in 
actively dividing cells [6]. However, AZT-TP lowers telo- 
merase activity and reduces HEC-1 cell proliferation more 
significantly than AZT. Therefore, the incorporation of cis- 
platin is reduced, and it is possible that after 24 h of exposure 
to cisplatin the rate of cell proliferation would be similar to 
that seen with AZT. The next question is why the antitumour 
effect of cisplatin in HEC-1 cells increases in the presence of 
ddl, a drug which reduces both telomerase activity and cell 
proliferation. Kondo and colleagues [33] transduced an 
antisense telomerase expression vector and not only found 
that telomerase activity was inhibited but also that the 
occurrence of apoptosis induced by cisplatin was enhanced. 
Since the appearance of morphological change and expres- 
sion of p21 was enhanced in HEC-1 cells exposed to ddl, it is 
suggested that senescene was induced. Although AZT-TP 
decreased telomerase activity and induced morphological 
changes to the same extent as ddl, an increase in p21 expres- 
sion was not observed in the AZT-TP-exposed cells, ddl may 
cause different changes to cells, mediated by a different 
mechanism to that of AZT-TP. Further study is required to 
understand the mechanism by which RTIs enhance the effect 
of cisplatin. 

To intensify the effect of chemotherapy, dose is increased 
or multiple drugs are used. However, because of toxicities or 



other restrictions, it is often difficult to increase the dose. If it 
was possible to augment the effect of anticancer drugs by 
auxiliary means, chemotherapy could be more effective even 
at a low-dose. Since RTI reduces cell proliferation through 
inhibition of telomerase, it has little effect on normal somatic 
cells, which have no telomerase activity. Therefore, it may be 
that RTI could be effectively combined with anticancer 
drugs. Thus, the effect of ddl on HEC-1 cells observed in this 
study is notable. It is also necessary to investigate the effects of 
RTI (in stem cells and germ cells, which have telomerase 
activity. It seems warranted to study RTI further with the 
intention of achieving its clinical application. 
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The HIV-2 serotype of HIV is a cause of disease in parts of the West 
African population, and there is evidence for its spread to Europe 
and Asia. HIV-2 reverse transcriptase (RT) demonstrates an intrinsic 
resistance to non-nucleoside RT inhibitors (NNRTIs), one of two 
classes of anti-AIDS drugs that target the viral RT. We report the 
crystal structure of HIV-2 RT to 2.35 A resolution, which reveals 
molecular details of the resistance to NNRTIs. HIV-2 RT has a similar 
overall fold to HIV-1 RT but has structural differences within the 
"NNRTI pocket" at both conserved and nonconserved residues. The 
structure points to the role of sequence differences that can give 
rise to unfavorable inhibitor contacts or destabilization of part of 
the binding pocket at positions 101, 106, 138, 181, 188, and 190. We 
also present evidence that the conformation of lle-181 compared 
with the HIV-1 Tyr-181 could be a significant contributory factor to 
this inherent drug resistance of HIV-2 to NNRTIs. The availability of 
a refined structure of HIV-2 RT will provide a stimulus for the 
structure-based design of novel non-nucleoside inhibitors that 
could be used against HIV-2 infection. 

AIDS ! drug resistance | crystallography | polymerase 

The reverse transcriptase (RT) of HIV-1 has been one of the 
main targets for the development of anti-AIDS drugs. Com- 
bination therapy involving use of anti-RT drugs together with 
protease inhibitors has led to diminished mortality rates from 
AIDS in Western countries. IHV-2 is a distinctive HIV serotype 
thai is less widely disseminated than HIV-1. Individuals infected 
with HIV-2 can go on to develop AIDS but generally do so after 
a longer clinical latency period than that for HIV-1 (1). HIV-2 
infection is thought to have an overall lower morbidity rate than 
I IlVd, although certain individuals can be more susceptible (2). 
I IIV-2 is most commonly found in certain areas of West Africa, 
but there is some evidence of a spread of the virus into other 
geographical regions such as Western Europe (3) and Asia (■'-). 
Although HIV-2 RT shows significant amino acid sequence 
homology to HIV-1 RT, it has marked differences in inhibition 
by non-nucleoside reverse transcriptase inhibitors (NNRTIs). 
Additionally, there are differences in kinetic parameters for both 
the polymerase and RNasel 1 activities p). and HIV-2 RT forms 
a more stable p68/p55 heterodimer compared with the p66/p51 
HIV-1 RT heterodimer (6. 7). NNRTIs are structurally diverse 
hydrophobic molecules that are largely specific for HIV-1 R 1, 
most compounds being completely inactive against HIV-2 RT 
(8). NNRTIs inhibit HIV-1 RT by binding to an allosteric site 
"•-10 A from the polymerase active site, which results in the 
distortion of the key catalytic aspartic acid residues (9, 10). 
Nucleoside analogue inhibitors of RT (NRTIs) such as zidovu- 
dine and lamivudine in their 5'-triphosphate forms act as DNA 
chain terminators and generally have a broad spectrum of 
antiviral activity that includes HIV-2 as well as HIV-1 (11). 
Studies of chimeric HIV-1 /HIV-2 RTs have indicated some 
general regions that contribute to the lack of binding of the "first 
generation" NNRTI nevirapine to HIV-2 RT(12). Some current 



combination therapies for HIV-1 infection include NNRTI 
drugs, either nevirapine. delavirdine, or el'avirenz. Such regi- 
mens would be less effective for treating HIV-2 infection, and 
thus NNRTI drugs active against this serotype would be desir- 
able. A few examples of inhibition of HIV-2 RT by NNRTIs un- 
known, but such inhibition tends to be orders of magnitude 
weaker than for HIV-1 RT. Thus, the NNRTI phenylethylthia- 
zolylthiourea (PETT>2 inhibits HIV-2 RTwith an IC 5n of 2 juM, 
whereas the corresponding value for HIV-1 RT is 5 nM (13). 
Kinetic evidence indicates that PETT-2 does not compete with 
template-primer or dN'IT. consistent with it binding to HIV-2 
RT at an equivalent to the HIV-1 RT NNRTI site (13). 

Although there are numerous crystal structures of HIV-1 RT 
published, including complexes with inhibitors (14-16), DNA 
(17, 18), and unliganded structures (9, 19, 20), there have been 
no crystal structures reported for HIV-2 RT. A number of 
examples of high level expression and purification of HIV-2 RT 
have been published (5, 6, 21), yet these preparations apparently 
have yielded neither crystals nor structures for this enzyme. 

We report here the crystal structure of HIV-2 RT, which has 
been refined to a resolution of 2.35 A. The availability of this 
structure will provide a rational framework for the design of 
non-nucleoside inhibitors active against HIV-2. 

Materials and Methods 

Protein Purification, Crystallization, and Data Collection. Cloning, 
expression, purification, and crystallization of HIV-2 RT (from 
the pROD isolate, but containing a mutation of Arg286Ser) were 
as described (22). Briefly, crystals were grown by silting drop 
vapor diffusion from droplets consisting of equal volumes of 12 
mg/ml HIV-2 RT and 40% ammonium sulfate, either unbuf- 
lered or with 0.1 M Tris tpH 8.5). Crystals grew in the presence 
or absence of 0.7 mM PETT-2, 10% glycerol, or up to 20% 
DMSO, and were equilibrated briefly in combined adjacent 
droplets not containing crystals, to which further glycerol was 
added, giving a final concentration of 20%- (vol/vol) before 
being frozen directly in an Oxford Cryosystems Cryostream for 
data collection at 100 K at synchrotron sources. The beamlines 
used were as follows: station PXU.2 at SRS Daresbury (Syn- 
chrotron Radiation Source Daresbury, Warrington, Cheshire. 
U.K.; Dataset 1); station ID14-IT12 at J-SRT- (European Syn- 
chrotron Radiation Facility, Grenoble, France; Dataset 2). In the 
latter case, data from two separate crystals were merged. Data 
frames of 1° were recorded on ADSC-q4 (Area Detector Systems 
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Table 1. Statistics for crystallographic structure determinations 



Data set 
Data collection 
Wavelength, A 
Unit cell (a, 6, c 
Resolution range, A 
Observations 
Unique reflections 
Completeness, % 



A) 



SRS PX14.2 
0.979 
151.9, 111.9, 82.5 
25.0-3.30 
112,302 
21,667 
99.5 
5.2 
0 2 39 



ESRF ID14-EH2 
0.933 
149.8, 107.8, 82.2 
30 0-2.35 
631,721 
56,142 
100 
16.0 



fi facte 



No. of atoms 

(protein/water/others) 
rms bond length deviation, A 
rms bond angle deviation, ° 

Mean B factor, A" 
rms backbone 8-factor 
deviation 6 



R factor - XjF„ F..I/SF,,. 
MeanS factor for main-chain, side-chain, 
and glycerol), respectively, 
'rms deviation between 0-factors for bonded main-chain 



and other molecules (sulfate 



Corporation, San Diego) charge-coupled device (CCD) detec- 
tors. HI V-2 RT crystals belong to the orthorhombic space group 
P2\2{li, with a single heterodimer in the asymmetric unit, and 
showed variations in unit cell dimensions (Table 1). Data were 
processed with DENZO and SCALEPACK (23). 

Structure Solution and Refinement, [fie HIV-2 RT structure was 
solved by molecular replacement with the program CNS (24) 
using coordinate:-, lor the unliganded H1V-1 RT heterodimer 
lhmv (19). The structure was refined by using cns, with posi- 
tional, simulated annealing and individual /Maclor refinement 
with bulk solvent correction and anisotropic /M'acior scaling. 
Model building was earned out by using o. Coordinates for 
HIV-1 and HIV-2 RT were overlapped using s:it» (25). Statistics 
for the refined structures arc shown in Table 1. 

Results and Discussion 

Structure Determination of HIV-2 RT. Of a range of HIV-1 RT 
coordinate sets tested as search molecules for the molecular 
replacement, the unliganded structure (19) was successful in 
producing a solution using I II V-2 RT data to 3.3-A resolution 
(Dataset 1, sec Table l).~Tbe limited resolution of these data 
allowed partial refinement of the structure (A'.. VlJ - k of 0.3d). 
Subsequent growth of better quality crystals of 1 II V-2 R i led to 
a higher resolution datase! lo 2.7 A, against which the HI V-2 RT 
coordinates from Dataset 1 were refined (ft w ,-, rk of0.187,dalanot 
shown}. Finally, larger crystals were obtained, which allowed the 
collection of high-resolution data (2.33 A, Dataset 2), and the 
model was refined to an R factor of 0.189 (R KOrk /R lKe of 
0.194/0.241) with the retention of good stereochemistry (Table 
1). Hleetron density was of excellent quality (big. M) and clear 
for the majority of the polypeptide chain except for breaks at 



residues 1-2, 68-71, 357-358, and 556-559 in the p68 subunit 
and 1-5,92-94, 212-228, and 432 onwards in p55. Dataset 1 gave 
no convincing electron density for PFTT-2 despite the inclusion 
of this inhibitor in the cocrystallization, and thus HIV-2 RT 
preferentially crystallizes as the unliganded form under the 
conditions used. Although the HIV-2 RT crystals have the same 
space group and similar unit cell dimensions to our HIV-1 RT 
crystals (26, 27), the molecular packing in the crystals is differ- 
ent, resulting in the central RNA/DNA binding cavity being 
open to solvent for HIV-2 RT while it is blocked in the HIV-1 
K l crystals by the p5 1 thumb domain from a symmetry-related 
molecule. Neither the presence ot the Arg2K6Ser mutation (in 
either p68 or p55) nor the truncated C-terminal region of p55 
appear to be near crystal contacts and thus do not apparently 
directly contribute to the formation of these high-resolution 
crystals of HIV-2 RT. 

Overall Fold of HIV-2 RT and Comparison with HIV-1 RT. The subunit 
and domain organization of the HIV-2 RT p6S/p55 heterodimer 
is shown in Fig. 1 B and C. The domain structure of HIV-2 RT 
p68/p55 corresponds to that of the p66/p51 HIV-1 RT het- 
erodimer (14, 15, 18, 19). There are five domains in the larger 
subunit, the first three (termed fingers, palm, and thumb) are 
arranged as in a right hand and are followed by the connection 
and ('-terminal RNasel I domains (14). The smaller subunit lacks 
the RNaseH domain, and Ihe four remaining domains are 
disposed differently and more tightly packed than for the p68 
subunit. In our model, the p.55 subunit ends at residue 43 1 , which 
agrees with mass spectrometry, suggesting that, as well as 
truncation of the C-terminal region, there are five residues 
absent from the N terminus (22), The thumb domain of the p68 
subunit adopts a folded down conformation (Fig. 1 B and C) 
similar to that seen in crystals grown of the unliganded HIV-1 
RT (19, 20), resulting in a partial occlusion of the cleft, which 
explains why the initial molecular replacement models of HIV-1 
RT containing a more extended thumb domain conformation 
did not give the correct solution. The thumb domain of the p68 
of HIV-2 RT is rotated by 8", 37°, and 48° relative to unliganded 
(19), DNA/dNTP-bound (17) and nevirapine-bound (15) 
HIV-1 RTs, respectively, after the overlap of the whole mole- 
cules. Detailed comparison confirms that the greatest similarity 
of HIV-2 RT to an HIV-1 RT is indeed with the unliganded 
structure (19) where 720 residues can be superimposed with an 
rms deviation in Ca positions of 1.6 A. 

Comparison of the NNRTI Site in HIV-1 RT with the Equivalent Region 
of HIV-2 RT. The NNRTI site in HIV-1 RT is positioned within the 
palm domain of the p66 subunit, and a comparison of this with 
the structurally equivalent region of I II V-2 RT (both as unli- 
ganded states) is shown in Fig. 1A. For IIIV-1 RT, the presence 
ot a hound NNRII leads to some con formal ional rearrange- 
ments; for example, the side chains of two residues of the pocket, 
Tyr-181 andTyr-188, rotate upwards through - 120°. For HIV-2 
RT , it can be seen that, despite amino acid sequence differences, 
the overall structure of this region is maintained, and the rms 
deviations for ra-carbons for the overlap of 110 HIV-1 and I II V-2 
residues surrounding the NNRTI site is 1. 1 A. Residues that are 
involved in NNRII contacts in HIV-1 RT include 95, 100-103, 
106, 138 (P51), 179, 181, 188, 190, 224-225, 227, 229, 234-236, 
and 318. There are numerous changes in the nature of the side 
chains of these regions: l.vslO 1 Ala, Valll)6Ile, Val)79Ilc, 
TyrlSlIle, Tyrl8.SI.eu. CilvI9t)AIa, Giu224A.sp. Ilis235Trp, and 
Glul38Ala (p55) (HIV-1 relative to HIV-2). These amino acid 
substitutions not only lead to significant changes in side-chain 
hulk but also in electrostatic properties; thus, in two cases there 
is a change of a positive lo neutral charge and in one a change 
from negative to neutral charge (28), The sequence differences 
at the two key tyrosine residues 181 and 188 of I II V-l RTdo not 
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from 400 to 406 in p68 of HIV-2 RT. (fi) Ribbon diagram showing the overall 
fold of HIV-2 RT overlapped with unliganded HIV-1 RT (1hmv); the HIV-1 RT is 
shown in gray, and the domains of HIV-2 RT are colored as follows: fingers, 
blue; palm, green; thumb, orange; connection, red; and RNase H, purple. (O 
Ribbon diagram showing the overall fold of HIV-2 RT overlapped with the 
HIV-1 RT/nevirapine complex (1 rtv); the color scheme is as in B. 



lead n> large shifts in main-chain positions (deviation in n-carbon 
positions of 0.5 and 0.4 A, respectively). Indeed, some conserved 
residues show I get it'lei >i imple, the Ca of Leu-100 

moves by 1.0 A, with side-chain CG atoms displaced by 2.5 A 
(Fig. 2A). For the conserved Trp-229 residue, the Ca is displaced 
by 1.3 A from its position in HIV-1 RT. The structural differ- 
ences in this region appear somewhat larger than earlier sug- 
gestions and include main-chain movements (28). 

At residue 235, the main chain forms part of the NNRTI site, 
and there is a change from His (HIV-1 RT) to Trp (HIV-2 RT), 
resulting in a widening of this region of the pocket in 1 1IV-2 RT, 
which is in contrast to an earlier suggestion that the marked 
difference in the binding potency for PETT-1 and PETT-2 
compounds (which differ > >nlv by a chlorine or nitrite substituenl 
on a pyridine ring) to HIV-2 RT could partly be explained by a 
narrowing of the NNRTI pocket at this point (13). It is thus 
possible that PITT -2 binds to HIV-2 RT in a somewhat different 
mode to that observed for HIV-1 RT. 

Structural Basis for Resistance of HIV-2 RT to NNRTIs: Evidence from 
the p68 Subunit. Hie determination of the structure of HIV-2 RT 
allows us to attempt to rationalize its inherent drug resistance to 
the NNRTIs. f irst, it should be noted that, although the struc- 
ture of the binding site is not grossly dissimilar between HIV-1 
and HIV-2 RTs, there are alterations in the positions of some 
conserved residues (e.g., l.eu-100) that could in turn perturb 
potential NNRTI binding. There are also significant side-chain 
differences between HIV-2 and HIV-1 RT. Although TyrlSlIle 
and Tyrl88Leu retain similar locations in the two structures, the 
loss of both aromatic side chains results in the abolition of ring 
stacking interactions with many inhibitors. Such interactions are 
a major contribution to the binding energy of first generation 
NNRTIs such as nevirapine to HIV-1 RT (12, 29-31), Inhibition 
data for chimeric HIV-l/HIV-2 RTs (12) indicate that addi- 
tional amino acids in the region of 179-189 also contribute to 
NNRTI binding. However, even these residues do not fully 
account for all of the difference in affinity for nevirapine. In 
particular, we have to consider those residues in the 100-106 
region, which also interact with NNRTIs. The change of 
VallOfille mimics a mutation observed in HIV-1 RT where it 
confers drug resistance to UC-781 (32). The result of this change 
in HIV-2 RT is that the isoleucine side chain extends a further 
2.8 A into the pocket, potentially blocking some NNRTIs. 'Hie 
I.yslOlGlu mutation in HIV-1 RT gives resistance to NNRTIs 
such as GW420867X (33). In HIV-2 RT. this residue is an 
alanine, which shows the same trend in size and electrostatic 
properties as seen for the drug resistance mutation in HIV-1. 
Residue 101 is positioned at the edge of the NNRTI pocket in 
HI V-] RTand can hydrogen bond loGlu-138 in the adjacent p51 
subunit. effectively sealing off one side of the pocket from 
solvent. Mutation of Glul38Arg or Glul38Lys (in p5l of HIV-1 
R I ) stives resistance to certain NNRTIs, including PI "IT corn- 
pounds (34). Residue 138 in HIV-2 RT is alanine, a change to 
a less bulky uncharged side chain compared with HIV-1 RT. The 
changes to alanine residues at both positions 101 and 138 would 
result in greater access for solvent, presumably destabilizing the 
pocket and wcakeniim inhibitor binding A lurthei consequence 
of these changes is the creation of a cavity that in our HI V-2 RT 
structure is occupied by a glycerol molecule and a sulfate ion 
(Fig. 2C). A further change in a residue flanking the NNRTI 
pocket occurs at position 108. which is changed from valine to 
isoleucine in HI V-2 RT, a known drug resistance mutation in 
HIV-1 RT(35). Although not in direct contact with NNRTIs, 
this 108 mutation is thought to exert an effect indirectly via 
residue 188 which is itself different in HIV-2 RT. Finally, 
Gly-190 can form a close contact with some NNRTIs such as 
nevirapine (14, 15), and, although the GlyI90Ala change is not 
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Fig. 2. CA) Stereo diagram comparing the NNRTI site of an unliganded HIV-1 RT and the corresponding region of HIV-2 RT, The HIV-1 RT is colored in gray, and 
the main chain and side chains of HIV-2 RT are shown in green and orange, respectively, (fl) Stereo diagram showing part of the HiV-2 RT p55 subunit containing 
the lle-181 and Leu-188 side chains (blue and green) overlapped with the corresponding region of the p66 subunit in the nevirapine-bound HIV-1 RT (orange 
and red), Nevirapine is drawn as ball-and-stidcs and colored by atoms. (O Stereo diagram showing a cavity located at the junction of the p68 palm, p68 connection, 
and p55 fingers domains (ribbon and coils colored in green, red, and blue, respectively). Side chainsof the residueslining the cavity, a bound glycerol anda sulfate 
are shown in ball-and-stick representation, and are colored by atoms, with carbon atoms in cyan for the side chains and black for the glycerol. Water molecules 
in the cavity are shown as small red spheres. Larger red spheres label the Co position of the three catalytic Asp residues at the polymerase active site. Nevirapine 
colored in gray is shown to mark the NNRTI site in HIV-1 RT. The dashed yellow sticks indicate the four H-bonds from the glycerol to the carbonyl oxygen of Gly-99, 
the main-chain nitrogen of Ala-101, and a water molecule. 



a known resistance mutation in HIV-1 RT, it would cause a steric 
clash with certain NNRTIs. 

fn addition to simply mapping the HTV-2 mutations into the 



NNRTI binding pocket, we must also address the question of 
whether conformational changes required for the formation of 
an NNRTI binding site would be structurally feasible in HIV-2 
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Fig. 3. Comparison of the structure around residues 181 and 188 of the p55 subunit in HIV-2 RT with that of p51 subunit in HIV-1 RT. The main chains 
are shown as ribbons and coils, and side chains as ball-and-stick representations, with HIV-1 RT colored orange and red, and HIV-2 RT blue and green. 



RT. We have previously shown that the structural mechanism tor 
the inhibition of HIV-1 RT by NNRTIs is via a distortion of the 
active site aspartates (9). This rearrancement appears directly 
linked to the formation of the NNRTI pocket in which Tyr-181 
and Tyr-188 undergo a transition from a "down" to an "up" 

mera'se" active ske,s 8 oniIV- h l andYlIV-2 RTs means' thanthe 
0-sheet (04, 07, and 08) containing the key catalytic aspartate 
residues has no apparent barrier to the movement seen in HIV-1 
RT resulting from the binding of an NNRTI in the adjacent 
pocket. We show from the results reported here that, for the 
unliganded state, the overall structure for the NNRTI binding 
region is simitar but not identical between HIV-1 andIIIV-2 RT. 

Structural Basis for Resistance of HIV-2 RT to NNRTIs: Evidence from 
the Inactive p55 Subunit. We are fortunate that some features 
of the p66 NNRTI binding site can, for HIV-1 RT, be inferred 
in the absence of ligands bv examining the corresponding re- 
gion in the inactive p51 subunit of HIV-1 RT. Thus, we 
previously noted that this region adopts a very similar con- 
formation to the pocket with an NNRTI bound in the p66 
subunit, with both Tyr-181 and Tyr-188 in the up position 
characteristic of the NNRTI bound state (9). Because both of 
these residues in HIV-2 RT are much more compact, the 
question arises of how an energetically unfavorable void is 
overcome in the p55 subunits. In fact, the stabilization is 
achieved through some rather modest rearrangements, the 
two major changes being in the tyrosine residues conserved 
between HIV-1 and HIV-2 RTs (fyr-183 and Tyr-232), which 
swing around to occupy the cavitv formed in the vicinity 
of Ile-181 and Leu- 1 88 (Fig. 3). Residue 183 may be in a 
somewhat strained conformation because there is also evi- 
dence in I he electron density lor a second minor conformation. 
The conformation of 181 and 188 themselves also differ 
between the p68 and p55 subunits; Leu-188 adopts an up 
position and has a similar *1 value to Tyr-188 of HIV-1 RT 
(-33 and - 68", respectively). Despite lliis similarity in \l 
value, the leucine side chain projects into the space that would 
be occupied by an NNRTI due to its branched aliphatic 
stereochemistry, lie- 181 is not in a fully up position (\l = 100 
and 173' ), and together with its branched aliphatic side chain, 
means it projects more into the volume of the binding site, 
occupied by NNRTIs in HIV-1 RT (Fig. IB). It would thus 
seem unlikely that first generation NNRTIs could be located 



in the pocket in an analogous way to that in HIV-1 RT, and this 
appears to be a significant contributing factor to the lack of 
potency for this class of NNRTI binding to HIV-2 RT. The 
second generation NNRTI efavirenz has some interaction 
with Tyr-188 yet has minimal contact with Tyr-181 (36, 37), 
in contrast to nevirapine (14, 15), and these differences in 
interactions could explain in part why the mutant Leul88Tyr 
HIV-2 RT has significant sensitivity to efavirenz but not to 
nevirapine (38). By conlrast, delavirdine, which is classed as a 
first generation NNRTI but has no contact with Tyr-181 in 
HIV-1 RT (39), can strongly inhibit Leul88Tyr HIV-2 RT 
(38). Intriguingly PETT-2. a first generation NNRTI with close 
ring stacking interactions with Tyr-181 in HIV-1 RT (13), retains 
significant inhibitory potency against wild-lype HIV-2 RT, perhaps 
indicating a different binding mode in HIV-2 RT. 

Design of Non-Nucleoside Drugs Active Against HIV-2 RT. We have 
seen that the structure of the NNRTI pocket in HIV-2 RT is 
more constricted than in HIV-1 RT. However, there is some 
residual volume that might accommodate potential inhibitors, 
which would be likely to be significantly different to those 
tailored for IIIV-1 RT. The less bulky side chains at positions 
138(p55) and 101 in HIV-2 RT create a potential binding site 
that is occupied in our structure by a glycerol molecule (Fig. 2C), 
We suggesi that other drug-like molecules could be designed to 
fit this site. Although occupation of this pocket would not distort 
the catalytic aspartates, it might inhibit relative domain move- 
ments because it is positioned at the boundary of the p68 palm, 
p68 connection, and p55 lingers domains Alternatively, an 
inhibitor might be designed that spans the 5 A from this novel 
site to the NNRTI pocket. 

The availability of a high-resolution IIIV-2 RT structure 
determined to 2.35 A has allowed us to dissect out factors giving 
rise to the inherent NNRTI resistance of this HIV serotype. 
.Although the changes in the chemical nature and conformation 
at residues [le-181 and I eu-lsiH probably contribute most to this 
resistance, differences such as at 101. 106, 108, 138, and 190 also 
appear significant. The challenge now will be to use structural 
information to allow the design of novel inhibitors that target 
HIV-2 RT, which might not only lead to more effective therapies 
against this HIV serotype but also could help in the development 
of non-nucleoside inhibitors active against reverse transcriptases 
from a broader range of human retroviral pathogens 
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Abstract 



The non nucleoside reverse transcriptase inhibitors (NNRTIs) directly inhibit the 
HIV-1 reverse transcriptase (RT) by binding in a reversible and non competitive 
manner to the enzyme. The currently available NNRTIs are nevirapine, delavirdine, 
and efavirenz; other compounds are under evaluation. NNRTIs are extensively 
metabolized in the liver through cytochrome P450, leading to pharmacokinetic 
interactions with compounds utilizing the same metabolic pathway, particularly 
Pis, whose plasma levels are altered in the presence of NNRTIs. NNRTIs are 
drugs with a low genetic barrier, i.e. a single mutation in RT gene induces a high- 
level of phenotypic resistance, preventing the use of NNRTIs as monotherapy. In 
naive patients, several trials have shown the value of NNRTIs in combination with 
nucleosides and/or Pis. Small pilot studies have shown that NNRTIs may be useful 
as second-line therapy. However, due to the rapid emergence of resistant virus to 
these compounds in case of uncomplete viral suppression, NNRTIs should not be 
added to current failing antiretroviral regimen. The most common side-effect 
reported with nevirapine and delavirdine is rash. The incidence of rash is rather 
similar under these two compounds, but severe rash is less frequent with 
delavirdine. The most common adverse reactions reported with efavirenz are 
central nervous system complaints such as dizziness. Rash is reported less 
frequently than with nevirapine or delavirdine, and is usually mild. NNRTIs 
| resistance mutations are located in the aminoacid residues aligning the NNRTI- 
binding "pocket" site. High-level resistance is often associated with a single point 
mutation which develops within this site (especially codon groups 100-108 and 
181-190). Patients failing on one NNRTI are very likely to possess multiple NNRTI 
resistance mutations. NNRTIs should always be used as part of a potent 
antiretroviral therapy to insure suppression of viral replication, thus 
circumventing the rapid selection of cross-resistant variants. 
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The non nucleoside reverse transcriptase in- 
hibitors (NNRTIs) are structuraffy and chemically 
dissimilar compounds that are highly potent in- 
hibitors of HIV-1 reverse transcriptase (RT). Unlike 
nucleoside analogs ! the NNRTIs are not incorporated 
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in the growing strand of HIV DNA, but directly in- 
hibit the HIV-1 RT by binding in a reversible ana ncr 
competitive manner to the enzyme. The binding site 
is a hydrophobic pocket close to the polymerase 
catalytic site in the p66 subunit of RT, leading to a 
significant slowing rate of polymerization catalyzed 
by the enzyme. Because NNRTIs interact with a 
specific binding sue on Ue enzyme, any sight va' 
ation brought about by a single point mutation can 
have a significant impact on the sensitivity of virus 
to members of this group and high-level resistance 
can develop quickly'. Other retroviral RT, such as 
HIV-2, hepatitis virus, herpes virus and mammalian 
enzyme systems are unaffected by these com- 
pounds. 

The currently available NNRTIs are nevirapine, 
delavirdme and efavirenz, and were approved by 
the US FDA in June 1996, April 1997 and Septem- 
ber 1998, respectively. Their antiviral properties are 
summarized in Table 1. Other compounds are un- 
der evaluation, such as MKC 442 (Triangle Pharma- 
ceuticals), S1153 (Lexigen Pharmaceuticals) and 
HBY 097 (Hoechst Bayer). 



Pharmacologic properties 

The compounds are active in their native state, 
requiring no activation, particularly no phosphoryla- 
tion. Table 2 reports selected pharmacological 
characteristics of currently availale NNRTIs. A ma- 
jor characteristic of nevirap ne pharmacokinetics is 
a metabolic autoinduction of cytochrome P450 en- 
zymes, resulting in a 1.5 to 2 - fold increase in sys- 
temic clearance during the first 2-4 weeks of dos- 
ing 2 . Thus, it is recommended to initiate therapy 
with half of the standard 400 mg/day dose for the 
first 14 days. After this period, the recommended 
dosing of nevirapine is 200 mg BID, but the long 
half-life of the drug (25-30 h) suggests that it could 
be administered once daily. Dusek et aP conducted 



a retrospective, cross-sectional analysis of data 
from 5 clinical trials. In patients treated with nevi- 
rapine 400 mg OD, alone or in combination with a 
nucleoside, serum levels were consistently 250-fold 
above the IC^, suggesting that this drug could 
probably be used on this once daily basis. Nevi- 
rapine levels in the cerebrospinal fluid reach 45% of 
plasma concentrations. 

The recommended dosing of delavirdme is 400 
mg TID, but preliminary results suggest that 600 mg 
BID should be appropriate 4 . 

NNRTIs are extensively metabolized in the liver 
through cytochrome P450, leading to pharmacoki- 
netic interactions. Contrarily to nevirapine and 
efavirenz, which are both inducers of cytochrome 
P450 activity, delavirdine is an inhibitor of the cy- 
tochrome P450. Thus, compared to nevirapine and 
efavirenz, delavirdme has opposite interactions with 
compounds utilizing the same metabolic pathway, 
particularly protease inhibitors (Pis), whose plasma 
levels are increased in the presence of delavir- 
dine h6 The effects of delavirdine, nevirapine and 
efavirenz on the pharmacokinetics of available Pis 
are summarized in Table 3. Plasma levels of these 3 
NNRTIs are not significantly altered by these Pis, 
except delavirdine whose AUC is decreased by 
40% in the presence of nelfinavir, and efavirenz 
whose plasma AUC is increased by 21% in the 
presence of ritonavir. 



Therapeutic efficacy 

Phase I trials of monotherapy with nevirapine 7 or 
delavirdine 8 nave shown that their in vivo antiviral 
effect was transient, viral load and CD4 cell counts 
returning to baseline by week 1 2. The loss in antivi- 
ral efficacy was associated with the emergence of 
resistant virus 7910 It appeared very soon that 
NNRTIs were drugs with a low genetic barrier, i.e. a 
single mutation in RT gene induced a high-level of 



Table 1. Summary of antiviral properties ol :urrentl) waiiabk ','^' T > 



Compound ICSO RT IC50 HIV-1 CC50 Selectivity Index 



Nevirapine 84 nM 48 nM > 50 uM > 1,000 

Delavirdine 260 nM 10 nM >100pM > 10,000 

Efavirenz 3 nM 1 nM 80 pM > 80,000 



IC inhibitory concentration, CC : cytotoxic concentration 



Table 2. Pharmacological properties of currently available NNRTIs. 



P450 inhibitor 
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Table 3. Percentage of 



of plasma levels of each ai 



le presence of NNRTIs. 



INTERACTING NNRTI 



AFFECTED DRUG 



NEVIRAPINE 



+ 20%, - 37% for melabolite 60 



phenotypic resistance to the drug. This prevented 
the use of NNRTIs as monotherapy. 

Further trials evaluated nevirapine or delavirdine 
in combination with one or two nucleosides. Each of 
these drugs, as part of a dual therapy, also ap- 
peared to have a transient effect on biological 
markers of HIV disease, due to the incomplete sup- 
pression of HIV replication, favoring once again the 
emergence of resistant virus to NNRTIs' 1 ' 13 . The 
combination of nevirapine or delavirdine with two 
nucleosides exhibited an antiviral effect that was 
clearly dependent on the therapeutic history of pa- 
tients. In protocol ACTG 193A, designed for a pre- 
treated and advanced patient population (CD4 
celis < 50/uL), there was a trend for improved sur- 
vival in the AZT/ddl/nevirapine arm compared with 
the zidovudine/ddl arm, but the difference did not 
reach statistical significance 14 . In another trial de- 
signed for nucleoside heavily pretreated patients, 
ACTG 241 trial, AZT/ddl/nevirapine was slightly 
more effective than AZT/ddl to increase CD4 cell 
count (18% higher mean) and to decrease plasma 
HIV RNA (0.25 log KJ lower mean) 15 . By contrast, the 
INCAS triai comparing the combination of nevirap- 
ine/ddl/AZT versus two double combinations 
(AZT/nevirapine and AZT/ddl) in 151 antiretroviral 
naive patients, showec the supeno'ty of the triple 
drug arm' 6 . At week 8. plasma HIV RNA levels had 
decreased by 2.18, 1.55 and 0.90 log in the triple 
drug arm, AZT/ddl and AZT/nevirapine groups, res- 
pectively. The proportions of patients with plasma 
HIV RNA levels below 20 copies/mL at week 52 was 
51%, 12% and 0% in the triple drug arm, AZT/ddl 
and AZT/nevirapine groups, respectively. In a small 
subset of patients, the surrogate marker responses 
were found to be correlated to patient's compli- 
ance. Ward et af reported the efficacy of a triple 
combination therapy of nevirapine with 2 nucleo- 
sides in clinical practice. This combination, given 
as first-line therapy in patients with a CD4 cell count 
> 300/uL and HIV-RNA below 15,000 copies/mL, or 
in patients with undetectable viral load under 2 nu- 
cleosides, allowed to obtain HIV-RNA below 400 
copies/mL for at least the first twelve months of ther- 
apy in 24 out of 28 patients (86%). 

Patients treated with AZT/ddl/delavirdine demons- 
trated more sustained improvements in CD4 
counts, HIV-RNA and virus titers in plasma than pa- 
tients treated with AZT/ddl, or AZT/delavirdine. The 
magnitude of the response correlated with the in- 
tensity of prior nucleoside analog treatment and the 



lack of genotypic resistance to AZT, evaluated by 
mutation at codon 215 in the RT genotype 8 , In naive 
patients with baseline mean CD4 of 359/mm 3 and 
HIV RNA of 4.41 log, 0 copies/mL, the AZT/3TC/ 
delavirdine triple therapy was more effective than 
DLV/AZT or AZT/3TC. At week 52, 59% of patients 
on the triple drug arm were below level of detection 
of 40 copies/mL compared to 9% and 1% in the 
AZT/3TC and AZT/delaviridine arms, respecti- 
ve^. 

The addition of 600 mg efavirenz to an ongoing 
regimen of AZT with 3TC induced HIV-1 suppres- 
sion, defined as less than 400 copies/mL, in 69% of 
patients after 4 weeks of therapy but in only 29% of 
patients at week 16 19 . Thus, the antiviral effect was 
not sustained, although baseline plasma viral load 
was relatively low (8500 copies/mL). These results 
show that, like for other NNRTIs, addition of 
efavirenz as functional monotherapy to the regime 
of patients with active replication is not appropriate. 
In another study evaluating efavirenz efficacy in nu- 
cleoside experienced subjects (ACTG 364), viro- 
logical response to triple drug therapy with 2 nucleo- 
sides and efavirenz was observed in a higher pro- 
portion of pat ents, since 71% of subjects had less 
than 500 copies/mL at week 16 ;o In this study, dual 
nucleoside therapy included at least one new com- 
ponent. A phase III open-label, randomized trial 
showed that triple drug therapy with AZT/3TC/ 
efavirenz combination in 3TC naive patients (base- 
line viral load: 60,250 copies/mL) exerted a potent 
antiviral effect and was at least as effective as a 
conventional triple drug therapy with 2 nucleosides 
and a PI. In fact, at week 36, HIV-RNA level below 
50 copies/ml, was observed in 88% and 82% of 
patients treated with AZT/3TC/efavirenz and 
AZT/3TC/indinavir, respectively 21 . 

Combinations of NNRTIs with Pis have been 
evaluated in patients naive for Pis, nucleoside ex- 
perienced or not, and in patients failing combina- 
tion therapy with Pis, but naive for NNRTIs. The first 
group of Pis naive subjects allows the evaluation of 
the real benefit of the combination PI/NNRTI. Harris 
et aP reported the effects of nevirapine, indinavir 
and 3TC in combination in severely immunosup- 
pressed patients (CD4 count < 50/mrrf 3 ), with previ- 
ous exposure to nucleosides including 3TC. Medi- 
an plasma HIV RNA was 5.16 log ip copies/mL at 
baseline and decreased by a median of 3.12 log 
copies/mIL at week 24. Median CD4 cell count was 
30/mm 3 , increasing by a median of 95/mm 3 at week 
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24. Viral load was below 500 copies/mL and below 
20 copies/mL in 73% and 40% of patients remain- 
ing under therapy, respectively. This substantial viro- 
logic and immunologic effect was observed although 
indinavir plasma levels were lower than expected 
due the kinetic interaction between nevirapine and 
indinavir. The triple drug therapy nevirapine/nelfi- 
navir/d4T in NNRTIs and Pis naive patients with a 
CD4 count of 372 cells/uL and HIV-RNA plasma lev- 
el of 4,5 log 10 copies/mL decreased the plasma vi- 
ral load below 400 copies/mL in 82% of subjects for 
at least 45 weeks 23 . Efavirenz 600 mg OD in combi- 
nation with indinavir 1000 mg TID was evaluated in 
the third arm of the large open-label randomized tri- 
al cited above 21 . At week 36, 67% of patients had a 
plasma viral load below 500 copies/mL. Efavirenz in 
combination with nelfinavir 750 mg TID was evalu- 
ated m 62 patients (baseline HIV-RNA 4,59 log 
copies/mL). This combination decreased HIV-RNA 
below 50 copies/mL in 60% of patients at week 24 2 ". 

in nucleoside experienced patients, the combi- 
nation of efavirenz plus indinavir and 1 or 2 nucleo- 
sides {new or maintained) demonstrated superior 
efficacy to indinavir plus 1 or 2 nucleosides as de- 
fined by the percentage of subjects with less than 
400 HIV-RNA copies/mL (85% versus 65%) and less 
than 50 copies/mL (74% versus 45%)*. In the ACTG 
364 trial mentioned above, evaluating the efficacy 
of nelfinavir and/or efavirenz in nucleoside experi - 
enced patients, the 4 drug combination of efavirenz, 
nelfinavir and 2 nuc'eosides suppressed plasma vi- 
ral load below 50 copies/mL in 75% of patients and 
was more efficient than the triple drug arm combin- 
ing nelfinavir with 2 nucleosides in a pairwise com- 
parison 20 , 

NNRTIs have aiso shown activity in patients failing 
triple drug therapy with Pis. The effect of combina- 
tion therapy with delavirdine was studied in 25 pa- 
tients who had extensive previous antiviral experi- 
ence with nucleosides and Pis 26 . Patients received 
indinavir plus nelfinavir and delavirdine. Results 
showed a 1,9 log 10 mean reduction in viral load and 
a 55 celi/uL increase in CD4 cell count after 6 months 
of therapy, in a group of 47 patients failing combina- 
tion therapy with indinavir and nucleosides, the addi- 
tion of delavirdine to cu"en: tnerapy a-d a swtch 
from AZT to d4T in about half of ;he patients pro- 
duced a decrease in HIV-RNA of 1.1 log, 0 copies/mL 
over 6 months. In 33% of subjects, viral burden de- 
clined below 400 copies/mL after 6 months 27 . The 
beneficial effect of delavirdine may be due to both 
positive pharmacokinetic interactions between 
delavirdine and indinavir and intrinsic antiviral activi- 
ty of delavirdine. 

Very few data are available on the efficacy of 
second-line therapy including a NNRTI and nucleo- 
sides (or nucleotides) without PI in patients failing 
combination therapy with PI. Peli etaP showed that 
13 out of 24 patients (54%) who had detectable 
virus levels on a protease-containing regimen and 
were switched to d4T/ddl/nevirapine fell below 400 
copies/mL at 26 weeks. 

To summarize, small pilot studies have shown 
that NNRTIs nay be useful as second-line therapy. 



However, due to the rapid emergence of resis- 
tant virus to these compounds in case of uncom- 
plete viral suppression, NNRTls should not be 
added to current failing antiretroviral regimen as as- 
sessed by a rebound in viral load. Drugs to which 
the patient is still naive should be associated to 
NNRTI, knowing however, that cross-resistance is 
observed in each class of antiretroviral agents and 
contributes to decrease the efficacy of salvage 
therapy each time the combination shares common 
drug classes with first-line therapy. 

NNRTIs may be wel! suited in prevention of verti- 
cal transmission because of their safety profile. 
Nevirapine has been tested in these settings. Ad- 
ministration of 200 mg to pregnant women during 
labor and 2 mg/kg to infants at 48-72 hours of life 
was safe and maintained serum level > 100 ng/mL 
(10-fold the IC50 of wild type virus) 29 PACTG 316 is 
a ran <<<> vi i i j I- 1 I d [J ^ m * ^Mr n 
if such protocol of nevirapine administration can re- 
duce mother to infant HIV transmission 30 . 



Tolerance 

The major toxicity associated with nevirapine is a 
maculopapular rash which may be accompanied 
by fever and has a characteristic onset within the 
first 6 weeks of treatment. Nevirapine-related rash is 
reported in 17% of patients with 6% reaching grade 
3/4 on the ACTG toxicity scale 31 . Several cases of 
Stevens-Johnson syndrome have been reported 
and at least 3 deaths have occurred. In 2800 pa- 
tients treated with nevirapine, the incidence of this 
risk has been evaluated to be 0.3% 313Z . There is a 
trend for higher incidence of rash in patients with 
lower CD4 cell counts. If a rash develops, the 
dosage of nevirapine should not be escalated until 
it abates. If the rash is extensive, moist, or involves 
the mucous membranes, or is associated with 
fever, nevirapine should be permanently discontin- 
ued. Hepatitis has also rarely been associated with 
nevirapine use. The 600 mg/day dosing regimen 
was discontinued in trials due to an unacceptable 
level of toxicity compared to the 400 mg/day regi- 
men 9 . 

The majcr toxicity associated with delavirdine is a 
"i - ' t I i'h m h -rrn <A\ 

in the first month of therapy. Delavirdine-related 
rash has been reported in 18% of patients' 2 '' 8 . The 
incidence of rash is higher m patients with a CD4+ 
count of less than 50 cells/uL The incidence of rash 
is rather similar under delavirdine or nevirapine 
therapy. However, severe rash is less frequent with 
delavirdine (3.8% of the rashes), leading less often 
to hospitalization or to discontinuation of NNRTI. Only 
3 cases of Stevens-Johnson syndrome have been 
reported by December 1st, 1998. In 85% of the cas- 
es, patients receiving delavirdine can be treated 
through the rash. Elevated hepatic transaminases 
have been observed with delavirdine. 

The most common adverse reactions reported 
with efavirenz are central nervous system com- 
plaints such as dizziness, mild or moderate in 
severity, which often resolves after a few weeks. 
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Rash is reported less frequently than with nevirap- 
ine or delavirdine, and is usually mild. 

Whether patients developing rash with one NNR- 
Tl can use other NNRTIs without increased risk of 
rash is unknown. 



Resistance 

NNRTIs are notorious for rapidly trigerring the 
emergence of drug-resistant HIV-1 variants. NNRTI 
resistance mutations are located in the aminoacid 
residues aligning the NNRTI-binding "pocket" site. 
High-level resistance is often associated with a sin- 
gle point mutation which develops within this site 
(especially codon groups 100-108 and 181-190). 

Resistance to nevirapme has been associated 
with mutations at codon 98, 100, 103, 106, 1 08, 
181, 188 and 190 of reverse transcriptase'' 14 . During 
monotherapy the most frequently isolated nevirapine- 
resi tant rn ml tain t^e Y^BIC s^bs 
which results in a more than 100-fold reduction 
in viral susceptibility* 2 . The Y181C mutation, that 
resensitizes to AZT virus containing the codon 215 
mutation is infrequently selected by coadministra- 
tion of nevirapine and AZT. By contrast, selection of 
K103N, Y188C, G190A is favored. Y188C mutation 
confers more than 7,5 fold resistance to nevirapine. 
A study analyzing 167 viral isolates from 38 patients 
treated with nevirapine, alone or in combination 
with AZT, found that isolates with greater than 100- 
fold reductions in nevirapine susceptibility uni- 
formely emerged within 8 weeks of therapy in all 
patients 34 . Y181C mutants are highly resistant to 
delavirdine, but remain sensitive to efavirenz. 

Phenotypic analyses of isolates from patients 
treated with delavirdine as monotherapy showed a 
50--500 fold reduction in sensitivity in 14 of 15 pa- 
tients by weeK 8 of therapy*. In vitro analysis of pa- 
tients' isolates from clinical trials with delavirdine 
monotherapy or combination therapy has shown 
that the predominant RT substitution was K103N. 
Y181C or P236L were seen, at a lower frequency, 
as single or dual mutations with K103N. The pres- 
ence of K103N and Y181C mutations results in 500- 
fold decreased viral susceptibility to delavirdine 
as measured by IC50 values. P236L confers 70- 
fold resistance to delavirdine in vitro v , while in- 
creasing 10-fold susceptibility to nevirapine 38 . 

In vivo., the most frequently observed muta- 
tion associated with viral load rebound in patients 
receiving efavirenz is K103N, which has been found 
to confer an approximately 19-fold reduction in sus- 
ceptibility 39 . Viruses with K103N mutation are cross 
resistant to efavirenz, delavirdine and nevirapine. In 
vitro results showed that a Y181C construct highly 
resistant to nevirapine and aelavirdme maintained 
sensitivity towards efavirenz. V.-ruses with Y188C or 
G190SA mutations have a 4-fold decrease in sus- 
ceptibility to efavirenz, but viruses with the Y188L or 
G190S mutations, that require two or more nu- 
cleotide substitutions, were found to be 100 to 200 
fold resistant to efavirenz. The combination of at 
least 2 mutations leads to a high-level efavirenz re- 
sistant virus 40 . Thus, efavirenz may require more 



than one aminoacid substitution in order for the IC b0 
of the drug to be significantly increased, but pa- 
tients failing on any of the other NNRTIs are very 
likely to possess multiple NNRTI resistance muta- 
tions, arguing against the use of efavirenz in pa- 
tients failing with nevirapine or delavirdine. 



NNRTIs under development 

A large number of NNRTIs are currently un- 
der development. It is unclear as yet whether 
these drugs will offer significant advantages over 
the three currently available NNRTIs. Carboxanilide 
analogues are NNRTIs with very long half-lives, re- 
quiring i.v. formulation. Calanolide A analogues are 
in early Phase I trial. PNU 242721 (thiopyrimidine) 
has a low protein binding and allows BID or OD 
dosing. HBY 097, a qumoxaline derivative 41 , has a 
half-life between 10 and 12 hours. The most com- 
mon adverse events are gastrointestinal complaints 
and rash 42 . This compound is now in Phase II trial. 
S 1153 has a 10-fold greater in vitro potency than 
either delavirdine or nevirapine. In a phase I dose- 
escalation study, 25 subjects were treated with S- 
1153 for 28 days; 10 out of t^ese were taking con- 
comitant nucleosides. The average viral load de- 
crease was 1.74 log and 12 patients had a drop in 
viral load below 400 copies/mL No rashes were ob- 
served over the study period, Target blood levels of 
S-1153 were maintained with TID or BID dosing 43 , 
MKC 442 is in Phase 'l/lli pivotal clinical trials. In 
Phase I trials, it has been shown that MKC-442 
monotherapy (350 mg BID) induced a maximal de- 
crease of 1 log in HIV-RNA which rebounded after 
ere month of treatment''"'. 



NNRTIS in therapeutic strategies 

Over the last decade, the treatment of HIV infec- 
tion has changed radically. A more individual- 
ized approach to HIV therapy has emerged, asso- 
ciated with the approval of a range of ootent anti- 
retroviral agents, demonstration of the benefits of 
combination therapy and access to rapid and power- 
ful assays for quantifying levels of HIV-RNA in the 
plasma of HIV-infected individuals. In order to assist 
physicians, comprehensive treatment guidelines 
have been published 45 . The optimal treatment res- 
ponse is a reduction in viral load to below the level 
of detection of a sensitive HIV-RNA assay. 



Initial therapy 

Combinations consisting of two nucleoside ana- 
logues plus a potent PI are suggested as optimum 
initial therapy. An alternative is two nucleoside ana- 
logues plus an NNRTI. This option permits deferral 
of the use of PI, thus delaying the risk of toxicity re- 
lated to this class of compounds and sparing their 
full potency when used as salvage therapy in case 
of virological failure. NNRTIs should be used only in 
regimens designed to be maximally suppressive 
due to the rapid emergence of NNRTI resistant virus 
in case of incomplete viral suppression. Thus, the 
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combination of two nucleoside analogues and one 
NNRTI is not recommended for patients with ad- 
vanced disease (low CD4 cell counts and/or high 
viral plasma load). This regimen needs a strict ad- 
herence to treatment. The compounds with a long 
half-life (nevirapine, efavirenz) allowing a once dai- 
ly ng should if . jch - - < the cy 3i 
will be more compatible with active lifestyle. 

Regimens combining a PI with a NNRTI, with or 
without a nucleoside, hold promise based on 
durable responses reported for the combination of 
indinavir and efavirenz ?MS or nevirapine and indi- 
navir* 2 . When doing so, one must be cautious be- 
cause the pharmacokinetic interactions between 
th 51 iqcn* j'. r. af jj" h t inn ' ri r In 
addition, one major concern with employing 'ec/e- 
sentatives ot each of the three available drug 
classes in an initial regimen, is the potential for 
multidrug-class resistance when the initial regimen 
fails, 



Second-line therapy 

In case of treatment failure with viral load re- 
bound, addition of a single new drug to the current 
therapy is to be strongly discouraged since this is 
equivalent to sequential monotherapy and will lead 
to more rapid emergence of drug-resistant virus, 
particularly in the case of NNRTls. Efforts should be 
made to change the entire regimen, using drugs 
with least potential for cross-resistance with current 
drugs. In patients who failed when treated with a PI 
containing regimen, use of an NNRTI with new nu- 
cleoside(s) and new Pl(s) is an appropriate thera- 
peutic option. The value of combination therapy in- 
cluding an NNRTI and nucleoside(s) without PI re- 
mains to be determined in this population of pa- 
tients. In patients who fail when treated with a 
NNRTI containing regimen, switching for a new regi- 
men containing another NNRTI is, at the present 
time, not appropriate due to the large degree of 
cross-resistance between the currently available 
NNRTls. Introduction of genotypic and/or phenotyp- 
ic testing in routine clinical practice as well as avail- 
ability of new NNRTls could modify this recommen- 
dation. 

Another unanswered question is the value of 
NNRTls in patients who successfully respond to PI 
in combination with nucleosides. There is increas- 
ing recognition of complications from long-term ex- 
posure to Pi-containing antiretrovirai therapies, in- 
cluding hyperglycemia, hyperlipemia, lipodystro- 
phy and visceral fat accumulation' 17 -' 19 . Although the 
precise pathogenic mechanisms remain to be elu- 
cidated, a number of studies suggest that these ab- 
normalities are mainly related to the use of Pis 48 " 52 . 
Switching PI for NNRTI as part of a triple-drug com- 
bination in patients with undetectable viral load 
should be evaluated. Apart from potentially reduc- 
ing drug toxicity, this therapeutic strategy would of- 
fer to NNRTls the best conditions for a potent and 
sustained antiviral efficacy due to the lack of viral 
replication at time of drug r t at on -h-js minimizing 
the risk of viral resistance. 



Special considerations 

• HIV infection in pregnancy 

NNRTls may be well suited in prevention of verti- 
cal transmission because of their safety profile. 
Nevirapine has been tested in this setting and larger 
studies are going on. 

• Post exposure prophylaxis 

Experimental data indicate that NNRTls may 
have clinical potential for this indication 53 If the de- 
cision is made to initiate prophylaxis, a potent com- 
bination therapy should be used. NNRTls could be 
used, in combination, when a PI and/or nucleosides 
resistant virus is suspected. 

In conclusion, NNRTls are highly potent antiretro- 
virai agents that can be combined with nucleosides 
and/or Pis without added toxicity. Their Achille heel 
is their potential for the rapid selection of cross- 
resistant variants to all compounds of this class. To 
circumvent this problem, NNRTls should always De 
used in combination with other antiretrovirals to in- 
sure suppression of viral replication. 
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Telomerase, the ribonucleoprotein enzyme maintain- 
ing the telomeres of eukaryotic chromosomes, is active 
in most human cancers and in genmline cells but, with 
few exceptions, not in normal human somatic tissues. 
Telomere maintenance is essential to the replicative 
potential of malignant cells and the inhibition of 
telomerase can lead to telomere shortening and cessa- 
tion of unrestrained proliferation. We describe novel 
chemical compounds which selectively inhibit telomer- 
ase in vitro and in vivo. Treatment of cancer cells with 
these inhibitors leads to progressive telomere shorten- 
ing, with no acute cytotoxicity, but a proliferation 
arrest after a characteristic lag period with hallmarks 
of senescence, including morphological, mitotic and 
chromosomal aberrations and altered patterns of gene 
expression. Telomerase inhibition and telomere short- 
ening also result in a marked reduction of the tumori- 
genic potential of drug-treated tumour cells in a 
mouse xenograft model. This model was also used to 
demonstrate in vivo efficacy with no adverse side 
effects and uncomplicated oral administration of the 
inhibitor. These findings indicate that potent and 
selective, non-nucleosidic telomerase inhibitors can be 
designed as novel cancer treatment modalities. 
Keywords: cancer/inhibitor/microarray/senescence/ 
telomerase 



Introduction 

Telomerase is a cellular RNA-dependent DNA polymer- 
ase that serves to maintain the tandem arrays of telomeric 
TTAGGG repeats at eukaryotic chromosome ends (Morin, 
1989; Blackburn and Greider, 1995). In human cells, the 
enzyme comprises a high molecular weight complex with 
a template-containing RNA subunit (Feng et al, 1995) and 
protein components including the catalytic subunit human 
telomerase reverse transcriptase, hTERT (Harrington etal, 
1997; Meyerson et al, 1997; Nakamura et al, 1997). 
Telomerase activity has been demonstrated in immortal- 
ized cell lines and in 80-90% of human cancer specimens 
representing a range of cancer types (Counter et al, 1994; 
Kim etal, 1994; Shay and Bacchetti, 1997) and recently, 
human telomerase has been directly implicated in cellular 
immortalization and rumorigenesis (Bodnar et al, 1998; 
Hahn et al, 1999a). In most norma) human cells, 
telomerase activity is low or not detectable, and telomeric 
DNA is progressively lost at a rate of 30-1 20 bp with each 
replication cycle (Harley et al, 1990; Hastie et al, 1990; 
Counter et al, 1992). Evennially, telomeres shorten to a 
critical length and lose their ability to protect the ends of 
chromosomal DNA (Counter et al, 1992; Blasco et al, 
1997). Uncapped chromosomes are sensitive to degrad- 
ation and fusion and can activate DNA damage check- 
points, thus potentially contributing to the replicative 
senescence and growth arrest observed in aged primary 
cultured cells (Hayfiick and Moorhead, 1961). Indeed, it 
has been proposed that telomere length specifies the 
number of cell divisions a cell can undergo prior to 
senescence (Cooke and Smith, 1986; Harley, 1991). In 
cancer cells, the reactivation of telomerase is thought to 
stabilize telomere length, thereby compensating for the 
cell division-related telomere erosion and providing 
unlimited proliferative capacity to malignant cells 
(Counter et al, 1992; Kim et al, 1994). As a corollary 
to this hypothesis, the inhibition of telomerase in tumour 
cells should disrupt telomere maintenance and return 
malignant cells to proliferative crisis followed by senes- 
cence or cell death (Harley et al, 1990; Counter et al, 
1992). Genetic experiments using a dominant-negative 
form of human telomerase demonstrated that telomerase 
inhibition can result in telomere shortening followed by 
proliferation arrest and cell death by apoptosis (Hahn et al, 
1999b; Zhang etal, 1999). 

A challenge for the development of pharmaceutically 
useful telomerase inhibitors is the long lag period required 
to observe telomere attrition. Cellular growth arrest that 
depends on telomere shortening will require a series of cell 
division cycles to become apparent, and treatment may 
have to be given continuously for weeks to months, 
potentially in conjunction with other treatment modalities. 
Therefore, potency of action, selectivity, tolerability and 
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suitable pharmaceutical formulations are formidable tasks 
to be met in telomerase drug design. Here we describe a 
novel structural class of non-peptidic, non-nucleosidic 
inhibitors of human telomerase that are highly potent and 
selective in vitro and pharmacologically active in the 
control of human cancer cell proliferation. 



using the same culture conditions. Periodically, total DNA 
samples were prepared from treated and control cells, 
digested with frequently cutting restriction enzymes and 
the telomere length examined by Southern blotting. NCI- 
H460 cells exhibit a heterogeneous size distribution, with 
an average telomere length of 4 kb and a predominant 
range of 2 to 6 kb (Figure 2A). As cells are propagated in 



Results 

Small molecules selectively inhibit telomerase 
activity in vitro 

To characterize small-molecule inhibitors of human 
telomerase, we used nuclear extracts prepared from 
HeLa cells to set up an in vitro telomerase activity assay 
(Morin, 1989; Schnapp etal., 1998). Our study focuses on 
compounds with the general structure shown in Figure 1 A, 
for which systematic structure-activity correlations have 
been established (N.Hauel et al., manuscript in prepar- 
ation). Two examples from this class of compounds, 
designated BIBR1532 {2-[(E)-3-naphtalen-2-yi-but-2- 
enoylamino]-benzoic acid) and B1BR1591 (5-morpholin- 
4-yl-2-[(E)-3-naphtalen-2-yl-but-2-enoylamino]-benzoic 
acid}, inhibit the in vitro processivity of telomerase in a 
dose-dependent manner, with half-maximal inhibitory 
concentrations (\C S0 ) of 93 and 470 nM, respectively 
(Figure IB). The selectivity of BIBR1532 was assessed in 
a panel of DNA and RNA polymerases, including HfV 
reverse transcriptase, showing that none of these enzymes 
was inhibited at concentrations vastly exceeding the 
IC.50 for telomerase (Figure 1C). As shown in the direct 
telomerase assay (Figure ID), BIBR1532 can also inhibit 
recombinant, affirm} purified telomerase, suggesting that 
it is indeed the catalytic activity of the telomerase enzyme 
which is the target for BIBR1532 inhibition. 

Telomerase inhibitors induce telomere shortening 
in cancer cells 

The compounds also had no effect on short-term cell 
viability or proliferation, as determined in a 7 day 
cytotoxicity assay using concentrations 100-fold above 
the in vitro IC 50 (i.e. 10 pM for BIBR1532, 50 pjvl for 
BIBR1591). To investigate the cellular consequences of 
long-term treatment with a telomerase inhibitor, we 
cultivated exponentially growing NCI-H460 lung carcin- 
oma cells in the presence of BIBR1532 (10 |jJvl) or 
BIBR1591 (50 jiM), respectively. As a control, untreated 
cells or cells treated with the solvent alone were grown 



Fig. 1. Specific and selective telomerase inhibitors. (A) Chemical 
' tu ol the BIBR compound class of inhibitors. BIBR1 532, R = H, 
BIBR1591, R = morpholin-4-yl. (B) Dosis-depcndent inhibition of 
telomerase activity by BIBR i.l i lid quarcs> am) BTBR159I tupci 
circles) Assays weie | ei ti i uantitied u ing a Pi R based 

protocol followed by a TCA precipitation step The incorporated 
activity of samples with inhibit:;! was normalised to the control and 
I I i iii.iir.st ihe inhibitor concentration i C) Selectivity profile of 
B1BR1532. Enzymatic acth it) was assayed in the presence of 0-50 MM 
BIB! 15.52 it in Material* <u methods. -, no effect at 

50 uM. (D) Direct assay of telomerase activity. Telomerase was 
reconstituted with msec! cell expressed hTERT and in vitro transcribed 
RiNA, af finity purified and incubated in the presence of different 

i I BIRR i i s r [ r 

sequencing gel . 
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the presence of telomerase inhibitor, steady telomere 
shortening occurred. The average telomere restriction 
fragment (TRF) size shortened progressively from 4 to 
1.5 kb at population doubling (PD) 140 (Figure 2A), 
corresponding to a telomere loss of 30 bp/PD. We 
observed a comparable erosion of the telomeres in 
HT1080 fibrosarcoma, MDA-MB231 breast carcinoma 
and DU145 prostate carcinoma cells similarly treated with 
telomerase inhibitor (Figure 2A). In contrast, untreated 
cells or cells exposed to solvent alone maintained a stable 
TRF size (Figure 2A). 

Telomerase inhibitors limit cancer cell proliferation 

The growth kinetics of inhibitor-treated cells initially did 
not differ from those of untreated or solvent treated control 
cells, regardless of the cell line used. NCI-H460 cell 
cultures in the absence or presence of telomerase inhibitor 



NC1-H460 HT1080 MDA-MB231 DU145 



P0 148140 188 190 109 100 




Fig. 2. Telomei c inl tnr mince tel mere sh nei in, and limit cell 
proliferation. (A) Total genomic DNA prepared from untreated (lane 1), 
solvent- (lane 2) «r inl ibid i ireate. .lanes J and 4) NCI-H460. 
HT1080, MDA-MB231 or DU145 cells was assessed lor telomere 
restriction fragment size by Southern blot analysis with a telomeric 
probe. PD, population doubling; -, absence and +, presence of 
BIBR1532 or B1BR1591. (B) NCI-H460, HT1080, MDA-MB231 and 
DU145 cells were plated in 24-well plates in duplicate in the presence 
of 10 uM BIBR1532 or 50 uM BIBR1591 dissolved in 0.1% DMSO 
(closed symbols). Control cells were untreated (open triangles) or 
treated with corresponding solvent concentrations (open circles). 
Cultures were replatcd every 2-3 days lo maintain log-phase growth 
and to calculate the growth rate. 



exhibited no or only minor differences in proliferation for 
more than 120 days of treatment (Figure 2B). However, 
after PD135 the inhibitor-treated cells slowed their growth 
and showed an almost complete inhibition of proliferation 
after additional 4—8 population doublings (Figure 2B). 
This telomerase inhibitor-induced growth arrest is appar- 
ently independent of functional p53 since similar growth 
curves, with an onset of cellular growth arrest after a 
significant lag-phase, were obtained for the p53-deficient 
HT1080, MDA-MB231 and DU145 cell lines (Figure 2B). 
The reduced proliferation capacity of telomerase-inhibited 
cells near growth arrest was further substantiated in colony 
formation assays, with about 50% reduction in colony 
formation for treated versus mock-treated NCI-H460 and 
HT1080 cells. As a control for compound specificity we 
also cultivated telomerase-negative, normal human lung 
fibroblasts as well as an osteosarcoma cell line (SAOS-2) 
that exhibits the alternative lengthening of telomere (ALT) 
phenotype (Bryan et at., 1995). Our results showed that 
inhibitor treatment had no effect on telomere length, 
growth kinetics and morphology for the entire time of 
treatment (8 weeks) in either cell line. 

Reversibility of inhibition 

In parallel cultures of the NCI-H460 cells shown in 
Figure 2B we observed very slowly proliferating cells that 
were overgrowing the resting, senescent cells in the 
culture plate, resulting in a flat but measurable growth rate 
(Figure 3A). Apparently, the treated cells enter senescence 
not in a parallel but rather in a sequential fashion, which 
may be due to the heterogeneity of their telomere lengths. 
We never observed spontaneous telomere lengthening or 
telomerase-independent growth attributable to the induc- 
tion of an ALT phenotype, To determine the effect of 
inhibitor depletion, we transferred the treated cells to 
normal medium without drug starting at day 220. After a 
short delay of 3-4 days the cells exhibited a growth rate 
similar to the control culture (Figure 3A). Examination of 




Fig. 3. Reversibility of inhibition. (A) NCI-H460 cells weie cultivated 
in 24 v. ell plates in the absence (open circles) or presence of 50 uM 
BIBR1591 (closed triangles). After 130 days, compound-treated cells 
were rcplated only when the culture dishes reached subconfluence. 
At day 220, these cells were washed, replated in medium without 
compound and the growth rate monitored for additional 50 days (open 
square.-,) iB) The median TRF size of inhibitor-treated NCI-H460 cells 
at day 220 corresponds to only 1.5 kb (lanes 1 and 2). Removal of the 
inhibitor and cultivation of these cells for 40 PD in absence of inhibitor 
leads to a significant telomere elongation (lane 3). Untreated control 
cells at day 260 are also shown for comparison (lane 4). 
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Fig. 4. Induction of a senescence nhcmMype. Phase contrast micrographs show the cellular morphology of (A) untreated and IB) inliibitoi -treated 
NCI-H460 cells at PD 162 and PD130, respectively. (C) Inhibitor-treated NCI-H460 cells from a sep i inhibil e periment were stained for 

tivi t pH 6.0. PI ,i hange in this experiment were already observed at PD72. (D-G) Flow cytometric analysis of 
NC1-H460 cells shown in (C). Dot dcr-.il n p I 1 (ainin . t u >i icgrt light rtter :v-axis) arc shown for control iDi. and inhibitor- 
treated cells (PD72) (E). DNA content analysis of control (F), and inhibitor-trealed cells (PD72) (G). 



the TRF sizes also revealed a rapid elongation of the 
telomeres in these cells (Figure 3B), demonstrating that 
the telomerase inhibition is fully reversible. 



Telomerase inhibitors induce a senescent 
phenotype 

The inhibitor-treated, late passage tumour cells showed 
distinctive morphological features associated with senes- 
cence of aged normal human cells. In contrast to untreated 
cell cultures (Figure 4A), the growth-arrested NCI-H460 
cells (Figure 4B) became enlarged, often contained 
multiple nuclei, had a vacuolated cytoplasm and showed 
induction of senescence associated p-galactosidase activ- 
ity (Figure 4C). Similar morphological alterations were 
observed with late -passage HT1080, MDA-MB231 and 
DU145 cells (data not shown). FACS analysis of inhibitor- 
treated NCI-H460 cells revealed an elevated forward and 
side scatter relative to untreated cells, which may reflect 
increased cell size and granularity (Figure 4D and E). The 
inhibitor- treated NCI-H460 cells also showed a hetero- 
geneous cell cycle profile, with broad 2n and 4n peaks and 
a shift towards higher DNA content (Figure 4F and G). We 



performed extensive FACS analysis and TUNEL staining 
in p53 positive (NCI-H460) or p53 negative (HT1080, 
DU145, MDA-MB231) cell lines at different timepoints, 
but could not detect an increase in apoptosis comparing 
treated and control cells. 



Inhibitor-treated cells exhibit telomere dysfunction 

We next analysed chromosomal metaphase spreads 
derived from late-passage NCI-H460 cells. Due to the 
reduced proliferative capacity and the correspondingly 
low mitotic index only eight metaphases were obtained 
from the inhibitor-treated cells, and these were compared 
qualitatively with 20 metaphases from control cultures. 
The loss of telomeric sequences was readily detected using 
the Q-FISH technique with a telomere-specific probe 
(Figure 5A and B) (Martens etal, 1998). Signal intensity, 
which has been shown previously to correlate directly with 
the number of TTAGGG repeats, was significantly 
(p <0.0001) reduced in the inhibitor-treated cells relative 
to control cells (Figure 5C). The histogram also shows 
an accumulation of short telomeres and an increased 
skewness in the distribution of telomere fluorescence 
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Fig. S. Telomere analysis of inhibitor-treated NCT-H460 cells. (A) Q-FISH analysis of metaphase chromosomes from inhibitor-treated NCI-H460 cells. 
DAPI-stained chromosomes and Cy-3-labeled telomeres are shown in blue and yellow, respectively. The NCT-H460 cell line is hypotriploid with 
seven marker chromosomes (modal chromosome number 57) and exhibits a characteristic chromosome with interchromosomal telomere signals. 
Arrowhead denotes missing telomeres; arrow denotes fused chromosomes; dashed arrow denotes interchiomosom.il telomere signals (Hi Derails nl 
end-to-end fusions from another metaphase with telomere signals present at the fusion site. (C) Histograms express the fluorescence intensity and 
frequency of all individual telomere spots from NCI-H460 derived metaphases. Twenty metaphases (n = 3740) were derived from control cultures 
(PD68) and eight metaphases (n = 1366) were derived from inhibitor treated cells (PD120). n is the number of individual telomere signals. The 
differences in mean fluorescence intensity (arbitrary fluorescence units ± SD) between the control cells (321 ± 160) and the treated cells (217 ± 101) 
were highly significant (ji <0.0001). 



(Figure 5C) which is very similar to the observations in 
pre-senescent fibroblasts (Martens et al., 2000). 
Furthermore, we observed an increase in chromosome 
end fusions (0.88/metaphase in treated versus 0.55/ 
metaphase in control cells) as well as an increased 
number of chromosomes with no telomere signal at 
both sister chromatids in treated cells (mean: 3.75/ 
metaphase) compared with control cells (mean: 1.1/ 
metaphase). 

Microarray analysis of mRNA expression levels in 
senescent NCI-H460 cells 

To identify genes responsive to pharmacological telomer- 
ase inhibition and telomere shortening we determined 
changes in gene expression levels between inhibitor- 
treated and untreated NCI-H460 cells using DNA micro- 
arrays with the capacity to display transcript levels of 68 17 
known human genes. Total RNA was prepared from cells 
exposed to telomerase inhibitor for 7, 28 and 56 days, 
respectively, or until overt morphological changes char- 
acteristic for senescence were apparent. Analysis of the 
day 7, day 28 and day 56 timepoints revealed only minor 
variations in RNA transcript patterns without consistent 
changes. However, in the inhibitor-treated, senescent NCI- 
H460 cells we identified 302 (4.4%) genes showing at least 
a 2-fold difference in expression levels in a minimum of 



three out of four independent comparisons (for complete 
gene list see Supplementary data available at The EM BO 
Journal Online). The up- or down-regulated genes 
displaying the largest alterations in expression were 
assigned to functional categories (Tables I and II). 

A large percentage of the 166 down-regulated genes 
represent proteins involved in cell cycle control, the 
regulation of DNA synthesis, replication and segregation, 
and mitosis, as well as transcription and translation 
processes (Table I). In addition, more than 60 of the 142 
up-regulated genes encode lysosomal enzymes, proteins 
mediating cell-adhesion and growth factors and cytokines 
with both growth promoting as well as growth inhibitory 
function (Table II). Only a few of these genes 
have previously been associated with DNA damage or 
senescence and most prominent among these is the 
cyclin-dependent kinase inhibitor p2\ Wc f', which we 
found to be up-regulated 12.9-fold. In contrast, expression 
of the breast cancer susceptibility genes BRCA1 and 
BRCA2 as well as BARD1 (BRCA1 -associated Ring 
domain protein), which are thought to play a key role in the 
cellular DNA damage response, was found to be repressed. 
We also observed a 5-fold reduction of hTERT mRNA, 
encoding the catalytic subunit of telomerase, while the 
telomere binding protein TRF1 was found among the 
induced genes. No other genes associated with telomere 
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Table I. Transcriptional changes induced in NCI-H460 cells by long-term telomerase in 

Accession No. 



Fold A Gene m 



Cell cycle control 
U74612 
X51688 
Z29066 
X65550 
X! i291 
U0534O 
U33761 
U77949 
M25752 
X5494] 
D509M 
U65410 
L'01038 
X05360 
L'568i(> 
X54942 

DNA segregation, mi 

D38751 -ji.u 

U20979 -7.4 

U61145 -7.1 

D38553 -5.4 

D63880 -4.2 

X63692 -3.6 

U09087 -3.4 

U18271 -3.4 

L'37426 -3.3 

X62534 -3.3 

D38076 -3.3 

D0O591 -3.2 

L0751S -3.0 

M34458 -2.9 

X85137 -2.9 

U14518 -2.7 

M97856 -2.5 

X67155 -2.5 

D80000 -2.5 

D43948 -2.1 

DNA synthesis, replication 

L16991 -11.1 

M87338 -8.7 
HG2379-HT3996 -8.5 

D55716 -5.7 

U40152 -3.5 

X52142 -3.1 

X59618 -2.7 

M63488 -2.7 

M15205 -2.6 

U0023S -2.5 

J04031 -2.5 

U81375 -2.5 

HG2S4o-llT29S2 -2 3 

X06745 -2.3 

X54199 -2.2 

D84557 -2.2 

Transcription, RNA processin 

X89416 -14.8 

D32002 -8.0 

D 12686 -7.1 

M85085 -6.6 

U76421 -5.4 



hepatocytc nuclear factor-3/l'tirk head homolog 11 



(*) 



NEK2 
mki67a 
B-MYB 
p55CDC 

cyclin A/CDK2-associated p45 (SKP2) 
CDC6-related protein 
cyclin B 
CKSHSI 

K1AA0124, similar to mouse BOP1 
MAD2 
PLK1 
CDC2 
MYT1 
CKSHS2 
□atin assembly 

kinesin-like DNA binding protein (KID) 
chromatin assembly factor- 1 pi 51) siilninil 
enhancer of Zeste homolog 2 (EZH2) 
XCAP-II condensin homolog 
KIAA0159 

DNA (cytosin-5)-methyltransterase 

thymopoietin (3 

thymopoietin 

kinesin-like spindle protein (HKSP) 

HMG2 

RANBP1 

RCC1 

heterochromatin protein homologue (HP1) 
lamin B 

kinesin-related protein 



histone-binding prolem 
mitotic kinesin-like protein 1 
SMC1L1 
TOG 

thymidilate kinase (CDC8) 

replication factor C 

serine hydroxymethyltransferase 

P1CDC47/MCM7 

origin recognition complex 1 

CTP synthetase 

ribonucleotide reductase M2 polypeptide 
replication protein A 70 kDa subunil 
thymidine k' 



X75918 
U2S042 
M60784 
U08S15 
1.10838 
X67337 
M86737 
['90426 
L03532 
Tumour suppressors 
X95152 
L78833 
U76638 



-3.1 



MTHFD1 

cqiuhbralive nucleoside transporter 1 (hENTl) 

dihydrofolatc reductase 

DNA polymerase a-subunit 

GARS-AIRS -G ART 

MCM6 



protein phosphatase 5 

nuclear cap binding protein 

eukaryotic initiation factor 4y 

cleavage stimulation factor 

dsRNA adenosine deaminase DRADA2b 

U2 snRNP-specific A' protein 

NOT 

DEAD box RNA helicase-like protein 
Ul snRNP-specific protein A 
splicesomal protein (SAP61 i 
pre-mRNA splicing factor (SRP20) 
HPBR11-4 

high mobility group box (SSRP1) 
nuclear RNA helicase 
M4 protein 



BRCA2 
BRCA1 
BARD1 



Identified in context of senescence/ageing 



Chang et al. (2000) 
Chant- « al. (2000); Ly el al. (2000) 
Chang ei al. (2000), Shclton et al. (1999) 
Ly et al (2000) 



Ly et al. (2000) 

Chang et al. (2000). Ly et al. (2000) 
Ly et al. (2000) 



Chang et al (20IXK \ A ,■: al. i20IX)j 

Lv et al. (2.000) 
Ly et al. (2000) 

Ly et al. (2000) 

Ly el al. (2000) 



Chang et al (2000) 

Chang et al. (2000); Ly et al. (2000); Shelton et al. (1999) 



The fold decrease shown represents the mean of four pairwise comparisons. A comprehensive list of all regulated genes can be found in the 
supplementary data. (*) Confirmed by TaqMan RT-PCR. 
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n NCI-H460 cells by long-te 



No. 



tl oi senescence/ageing 



Lysosomal proteins 

Ml 6424 

M599I6 

X62078 

X 78687 

L09717 

J03060 

X52151 

71217! 

X55079 

M95767 

M22960 

M29877 

012(176 

U70063 

M63138 

M34423 
Mitochondrial proteins 

M68840 

X054IW 

U54617 

087328 

M32879 

016481 



X ; 7094 
L'47926 
X0316S 
U 13896 
Ml 4648 
U64573 
X52947 
U59289 
M61916 
X68742 

HG2981-HT3125 
DNA structure 

X57129 

X57985 

U90.SM 

X60487 

Z29331 

U4O705 
( onipkmenl, coagulation 

U92971 

JO4080 

M59499 

M14113 

M65292 
Fatty acid oxidation/metabolism 

X14813 

U4( 68 ) 

L40904 

D16481 

U03688 



IIU9S7-HT987 

M97936 

M34057 

M02403 

M27288 

1 2 070 

037965 

1,20861 

X044<4 

D8 7 258 

AB00O584 

X62320 

Z2909O 

X04571 

J04513 

HG3484-HT3678 
Cell eveh ON- , mi, ;poi 
U09579 
U33203 



lysoi 



ibrosidase (GCB) 
arvlsulpbalase A 
glucosamine-6-sulfatase (GNS) 
GAA gene 
di-A'-acetylchitobiase 
protective protein for (3-galactnsidase 
ct4-fucosidase 
lysosomal sialoglycoprotein 



monoamine oxidase A (MAOA) 
aldehyde dehydrogenase I AI.DH I 
pvni\ale cchydtoecuasv must isoliimi 4 
HCS 

steroid 1 Lfj-hydroxylase (CYP11B1) 
Vkcluacvl CoA thiolase (3-subunil 

fibrillin 

unknown protein B (homology to mGROSl) 
homolog of Drosophila discs large protein, isofon 



Chang et al. (2000) 



Lee et al. (2000) 



Lee et al. (2000) 



Ly el al. (2000); Lee et al. (2000) 



xin 43 

c gap junction protein 
in Bl chain 



HI. 2 gene forhistone HI 

GL105 gene for hislones H2B.1 and H2A 

histone 2A-like protein (H2A/1) 



TRF1 (lelorr 

protease-activated receptor 3 (PAR3) 
complement Clr (multiple probe sets) 
lipoprotein-associated coagulation inhibitor (LAC1) 
coagulation factor VIILC 
factor H homologue 

3-oxoacyl-CoA thiolase 
microsomal aldehyde dehydrogenase (ALD10) 
peroxisome prohicratui activated receptor y 
mitochondrial 34ietoacvl-CoA thiolase (J-subunit 
dioxin-inducible cytochrome P450 (CYP1B1) 



MAC2S/1GFBP7 

STAT1 (multiple probe sets) 

transforming growth lactor4)l binding protein 

insulin4ike growth factor binding protein 4 (*) 

oncostatin M 

putative transmembrane protein NMA (sim. Id BAMBI) 
PDGF receptor p-like tumor suppressor (PRLTS) 
WNT5a (*) 

insuhn4ike growth factor I receptor 

cancellous bone osteoblast senn piolease Ly et al (2000) 

TGF-(J superfaraily protein Ly et al. (2000) 



Kidney epidermal growth lactor i.hGF) precursor 
basic fibroblast growth factor (bFGF) 
CLK1 dual specificity kinase 



Ly et al. (2000); Shelton el al. (1999) 



(*) For explanation see footnote to Table I. 
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Fig. 6. Tumorigcrucity assay Nude mice wcic each mjeclcil '-villi 1 5 -■■ 10" I1T1U8D control or prs-«ncscew. telomere shortened cells. Tumour size 
was measured in regular intervals (A* Telomere length of untreated control (-) and irthibitor-trealed (+) HT10S0 cells used to inject nude mice. 
(B) Mean tumour size of animals bearing control (n = 24) (open circles) and pre-senescent cells in the absence (n = 27) (open triangles) or presence 
(» = 19) (closed triangles) of BIBR1532. (C) The number of animals (as a percentage) with a tumour >1000 mm 3 for untreated control (black) and 
pre-treated cells in the absence (thin stripes) or presence (bold stripes) of BIBR1532 at the indicated days after injection. Statistical analysis was 
performed using Fisher's exact test, with significant differences (p <0.05) between untreated control and pre-treated cells (*; p <0.0002) as well as 
between pre-treated cells in the presence or absence of BIBR1532 (**;p = 0.01034) at the indicated time points. 



biology or DNA damage response were found to be altered 
in their expression. 



Effect of telomerase inhibition on tumorigenic 
potential 

Telomerase is an unusually challenging target for demon- 
strating in vivo efficacy because of the long lag period 
required until telomeres are sufficiently shortened to 
produce detrimental effects on cell growth. The treatment 
of pre-established tumours with a telomerase inhibitor in 
standard mouse xenograft models will not result in a 
growth delay during the limited time a mouse can bear a 
fast-growing tumour xenograft. Thus, we attempted to 
create a model system expected to be more sensitive to 
inhibitor treatment by using tumour cells with sufficiently 
short telomeres. Since established tumour cell lines do not 
fulfil these criteria, we utilized inhibitor-treated, late- 
passage HT1080 fibrosarcoma cells with an average TRF 
size of only 1 .6 kb (Figure 6A) but with an in vitro growth 
rate and colony forming ability similar to control cultures. 
After subcutaneous injection into immunodeficient mice, 
untreated control cells with telomeres of ~4 kb (Figure 6A) 
reached a detectable tumour size (3*50 mm 2 ) in 4.53 ± 0.6 
days {n - 24) whereas the telomere- shortened cells formed 
detectable tumours only after a lag period of 16.5 ±1.8 
days (n = 27, p <0.0001). The average tumour size 
(Figure 6B) and incidence (Figure 6C) up to 36 days after 
injection was significantly lower in animals bearing pre- 
treated, telomere-shortened cells. This tumour model was 
also used to study in vivo inhibition of human telomerase. 
We treated mice carrying subcutaneous implants of the 
telomere-shortened HT1080 cells with BIBR1532 at a 
dose of 100 mg/kg/day orally beginning on the day of 
implantation. B1BR1532 is very specific and selective for 
human telomerase and inhibits mouse telomerase only 
with an IC 50 >50 fuM. Because of this 500-fold difference 
in potency, inhibition of host telomerase is not expected. 
The inhibitor treatment was very well tolerated with no 
signs of acute and chronic toxicity over the entire 



treatment period, which lasted 60 days for mice develop- 
ing no or only small tumours. The lag-period to detectable 
tumour development was substantially prolonged to 
26.2 ± 4.3 days (n = 19, p = 0.0255). Continued drug 
exposure inhibited initial rumour growth (Figure 6B) and 
resulted in a reduced incidence of tumours >I000 mm 3 
with only six animals (32%) testing positive at day 43 of 
treatment compared to 19 animals (70%) not receiving the 
telomerase inhibitor {p = 0.01034, Figure 6C). 



Discussion 

A number of genetic validation experiments indicate that 
telomere maintenance by the enzyme telomerase is a key 
event in the immortalization process and the continuous 
proliferation of a large proportion of human cancers 
(Bodnar et td., 1998; Vaziri and Benchimol, 1998; Hahn 
etal., 1999a). The pharmacological results presented here 
demonstrate that extended propagation of human tumour 
cell lines in the presence of compounds from a novel class 
of selective, non-nucleosidic small molecule telomerase 
inhibitors results in progressive telomere shortening 
followed by the induction of a senescence phenotype and 
profound anti-prol iterative effects in vitro and in vivo. 

Several strategies to inhibit telomerase activity have 
been reported. These include peptide nucleic acids and 
2'-0-MeRNA oligonucleotides directed towards the telo- 
merase RNA template (Herbert et a/., 1999), compounds 
that target telomeric DNA such as cationic porphyrins or 
anthraquinoncs (Sun et a/., 1997) and nucleosidic reverse 
transcriptase inhibitors (Strahl and Blackburn, 1996). So 
far, these pharmacological strategies have had only limited 
success in vivo due to moderate efficacy or the inability of 
test compounds to penetrate cellular membranes under 
physiological conditions. Another approach described 
recently made use of dominant-negative alleles of 
hTERT, expression of which resulted in cell death of 
telomerase-positive cancer cell lines (Hahn et ai, 1999b; 
Zhang etal., 1999). Although very effective and selective 
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in vitro, this gene therapy approach may not be readily 
applicable to the clinical setting. 

The non-nucleosidic small molecule telomerase inhibi- 
tors described here overcome several of the past obstacles. 
Telomerase inhibition by BIBR1532 or BIBR1591 results 
in a continuous erosion of the telomeres in human cancer 
cell lines derived from fibrosarcoma, lung, breast and 
prostate carcinoma. No other cellular changes as assessed 
by morphological or gene expression parameters appear to 
be triggered by these selective drugs until the telomeres 
erode to a critically short length and the cells slow their 
growth. The phenotypic signs of senescence were 
observed not only in the p53-positive NCI-H460 cells 
but also in the p53-deficient HT1080, DU145 and MDA- 
MB231 cell lines, consistent with broad therapeutic utility. 
In contrast to previous results employing anti-sense 
oligonucleotides or the expression of dominant-negative 
hTERT alleles (Hahn et at., 1999b; Herbert et al, 1999; 
Zhang et al., 1999) we saw no evidence for an increased 
rate of apoptosis in the inhibitor-treated cells. This could 
be attributed to the different means employed to inhibit 
telomerase or to differences in the apoptotic potential of 
the non-overlapping set of cell lines used in these studies. 

Changes that define age-related senescence of normal 
cells include enlarged and flattened morphology, increased 
granularity, expression of SA-JJ-GAL and multiple nuclei 
(Hay flick and Moorhead, 1961; Smith and Pereira-Smifh, 
1996). The senescence phenotype may be refined at the 
molecular level by comparing our list of regulated genes 
with that of a recent microarray study focusing on gene 
expression levels in replicative senescence of normal cells 
and age-related diseases (Chang et al., 2000; Ly et al., 
2000 ). Many of the genes described in the physiological or 
premature ageing process, such as the down-regulation of 
mRNAs coding for cell cycle control proteins, proteins 
required for mitosis, DNA synthesis, replication and 
repair, are also found in the telomerase-inhibitor-treated, 
senescent NCI-H460 cancer cells and they may obey a 
programmed switch for mitotic events in senescent cells. 
A related feature of the inhibitor-treated NCI-H460 cells 
may be up-regulation of p21 Waf! , a cyclin-dependent 
kinase inhibitor whose induction triggers growth arrest 
associated with senescence and damage response. The 
similarities to the gene expression changes observed in 
recent array studies of p21-induced senescence (Chang 
et al, 2000) suggest that the senescent phenotype we 
observed upon telomerase inhibition may result, at least in 
part, from effects mediated by ^2\ Wa f'. 

The average TRF lengths in all inhibitor treated, 
senescent cells reach a size of only 1-2 kb at the onset 
of growth inhibition. A significant portion of these TRFs 
likely consists of subtelomeric sequences rather than 
TTAGGG repeats; suggesting that the true length of 
telomeric TTAGGG repeats has been reduced to only 
several hundred basepairs. Cytogenetic analysis indicates 
that some telomeres may even have lost all measurable 
TTAGGG repeats. Defective telomeres are unable to cap 
chromosomes effectively and the marked disarray in the 
genome of the inhibitor-treated cancer cell lines, including 
telomere loss and chromosomal end-to-end fusions, 
resembles the karyotypic changes in mTERC~ / ~ mouse 
cells (Blasco et al, 1997). The role of telomerase in the 
immortalization of rodent cells may not be identical to 
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human cells in all respects, but this mutant mouse model is 
extremely valuable for evaluating the biological conse- 
quences of telomerase inhibition. The lack of phenotypic 
effects in the early generation mTERC~'~ mice suggests 
that general telomerase inhibition may be well tolerated 
with no severe toxic effects (Blasco et al., 1997). The 
ability of mTERC _/ ~ mice to develop certain cancer types 
in later generations has been attributed to chromosome 
end-to-end fusions or the activation of telomerase-inde- 
pendent telomere maintenance mechanisms (Blasco et al., 
1997; Greenberg et al., 1999; Rudolph et al., 1999). A 
similar ALT mechanism has been described for virus- 
transformed human cells and a small proportion of 
established human cancer cell lines that lack telomerase 
activity (Bryan et al., 1995). We have never observed 
induction of the ALT phenotype in any of the cell lines 
used in our studies. Induction of ALT has also never been 
reported in previous publications using other means of 
telomerase inhibition (Hahn et al, 1999b; Herbert et al, 
1999; Zhang et al, 1999). A recent analysis of telomeric 
recombination mechanisms, which are apparently the 
mechanistic basis for ALT, suggests that telomere-positive 
cells may not possess a telomere maintenance mechanism 
other than telomerase (Dunham et al, 2000). 

Recent data suggest that in mTERC -/ " mouse cells 
telomere dysfunction is a prominent trait that impairs 
DNA repair and enhances sensitivity to ionizing radiation 
(Wong et al, 2000). This link between telomerase 
inhibition and radiosensitivity may provide a basis for 
further studies employing a combination of telomerase 
inhibitors and radiotherapeutic strategies for cancer treat- 
ment. In a clinical setting, the most likely use of 
telomerase inhibitors would be as an adjuvant treatment 
in combination with surgery, radiation treatment and 
conventional chemotherapy. Another potential application 
would be post-remission therapy in order to eliminate 
minimal residual disease. 

Although an analysis of telomere lengths in primary 
tumours suggests that tumour telomeres arc usually short, 
predicting that the phenotypic lag may be limited, we 
nevertheless expect that oral treatment may have to be 
administered continuously for weeks to months. 
Therefore, the success of a telomerase inhibitor therapy 
requires that compounds should be sufficiently well 
tolerated, have a low toxicity profile and are easy to 
administer. The compounds described here fulfil many of 
the required criteria and further studies with continued 
treatment in vivo are needed to determine the best 
candidates to study for clinical efficacy. At the very 
least, our discovery of a highly potent and selective class 
of telomerase inhibitors highlights the potential of target- 
ing this enzyme in a mechanism-based approach to the 
development of new treatment modalities in cancer. 

Materials and methods 

Enzyme assays 

Telomerase activity- assays to determine the IC S0 turves were performed 
and quantified using a PCR-based protocol followed by a TCA 
precipitation stt | ichnapj j 1498). The total amount ofincorporated 
["P]dCMP was measured by liquid scintillation cmmtin;: and normalized 
to the control. As a suurce for telomerase, nuclear extracts derived from 
HeLa cells were used. For the direct telomerase assay, telomerase was 
reconstituted will! insect cell expressed hTERT and in vitro tr.-.nsci ibctl 
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hTR as described (Wenz et al, 2001). Taq polymerase activity was 

' ! rmincd a d s ril . I>> th. u nufi turei P i.i Tl a tivit 

DNA polymerases present in HeLa nuclear extracts (40 ng of total 
proiein; was assayed under the following conditions: 20 mM Tris-HCl 
pH 7.9, 8 mM Mga 2 , 50 mM KC1, 0.5 mg/ml bovine serum albunun, 
5 mM dithiothreitol, 2 mM spermidine, 80 uM each of dGTP, dCTP and 
TTP, 5 uM [a-'-PkiATP (3 6 Ci/mmol) and either 4 |Xg activated calf 
thymus DNA (Pharmacia) ui 2 fig ol poly A(dT) (Biotech) as template. 
Reactions were incubated for 30 rain at 37°C and the radioactivity present 
in trichloroacetic acid precipitates collected on class-fibre filters was 
determined by liquid scintillation counting. Purified pure calf thymus 
DNA polymerase was obtained from Professor N.C.Brown (University of 
Massachusetts Medical School, Worcester) and Cambio (Cambridge, UK) 
and was assayed in the presence of 4 (ig of activated calf thymus DNA as 
described above. Human RNA polymerase I was purified from HeLa 
nuclear extracts and assayed as described (MonoQ fraction, Schnapp and 
Grummt 1996). The activity of human RNA polymerases I, II and III was 
also assayed in HeLa nuclear extracts in the presence of 200 |a\g/ml 
it-amanitin using the same conditions. The activity of RNA polymerase II 
and III was calculated from the difference of the non-inhibited versus the 
M-anianitin-mhibiled extract In ■ am translation assays were pcrlonned in 
the rabbit reticulocyte system as described by the manufacturer 
(Promega) Escherichia vols helicase I (Amersham) and pcTA Helicase 
from Bacillus uearolhermriphilus (Cambio) were assayed in the helicase 
3 H SPA enzyme assay system as described by the manufacturer 
(Amersham). HIV1 reverse transcriptase was tested in the reverse 
transcriptase SPA enzyme assay (Amersham). 

Cell lines 

The lung cancer cell line NCI-H460, the fibrosarcoma cell line HT1080, 
the breast cancer cell line MDA-MB23 1 and the prostate cancer cell line 
DU145 were maintained in RPM1 supplemented with 5 or 10% fetal calf 
serum in 5% C0 2 at 37°C. The cells were grown in 24-well tissue culture 
plates and replated every 2-3 days to ensure log-phase growth. The 
culture medium contained 10 uM of BIBRI532 or 50 uM of BIBR 1591 
dissolved in 0.1% DMSO and was replenished at every replating step or 
every 3-3 days foi slower grown..; cells The compound..-, were stable 
under these conditions. Control cells were untreated or treated with 
corresponding solvenl concentrations. Cell growth and viability in the 
7 day cytotoxicity study was uetei mined using the lelia/.oluim dye assay 

Isolation of cellular DNA and telomere length analysis 

Cell samples (2 X 10 6 cells) were harvested, washed and resuspended in 
DNazol (Life Technologies). Total cellular DNA was extracted according 
to the manufacturer's protocol. To measure telomere length, genomic 
DNA was digested with restriction enzymes Hind and Rial, fractionated 
or', i igarose I am u insft rred onto a nylon membrane. Telomere 
sequences were detected by hybridization wilh a synthetic oligonucleo- 
tide probe (CCCTAAb end-labelled with Huorescein-dUTP. Detection 
relies on an anti-fluorescein-antibody conjugated to alkaline phosphatase 
(Amersham). 

Cellular Assays 

SA-(5-galactosidase activity was detected as described (Dimri el al., 
1995). for cell cycle analysis, cells were fixed » ith l e 'r paraformaldehyde 
for 30 nun at room temperature and peimeabilued with 0 35 ; s Triton X- 
100 in phosphate-buffered saline by incubation for 5 min on ice. Cells 
were pelleted by centnlugation (1000 g, 5 min, 4°C), resuspended in 
propidium iodine staining hul lei (0.1 '.5- RNase, II) |ig/inl propicillin 
iodine in PBS) and incubated for 20 min at room temperature. The DNA 
content was analysed using a FACS Calibur (Becton Dickinson. 
Heidelberg, Germany). TUNEL assay was performed according to the 
manufacturer's protocol (Pharmingcn, Heidelberg, Germany). 

Fluorescence in situ hybridization and quantitative image 

Individual telomere length was analysed by quantitative fluorescence 
in situ hybridization (Q-FISH1 as described previously (Martens et ,il , 
1998, 2000). Digital images of metaphase spreads were recorded with a 
digital camera iSensys. Photometries) on a Zeis., Asioplan II lluore-cence 
microscope using the Vvsis workstation QUIPS lelomere profiles were 
analysed by the TFL-TELO software (Poon el al., 1999). Telomere 
fluorescence, intensity values were expressed in arbitrary units 

Analysis of gene expression using oligonucleotide arrays 

Total RNA was extracted from frozen cell pellets by using Trizol reagent 
(Life Technologies). RNA was purified on RNeasy Mini columns 



(Qiagen) for RNA cleanup and DNase treatment (RNase-Free DNase Set 
Protocol, Qiagen). RNA was converted into double-stranded cDNA by 
using the Superscript. Choice System (Life Technologies). Biotin-labelled 
cRNA synthesis was carried out using 10 p_g of total RNA according to 
the Affymetrix technical manual (Lockhart el al, 1996; Fambrough et al, 
1999). Hybridization, washing, staining, and scanning of Affymetrix 
Genechip HuGeneFL oligonucleotide arrays (Affymetrix) was carried out 
according to the Affymetrix technical manual (Lockhart ei al, 1996; 
Fambrough et al, 1999) in an Affymetrix hybridization oven and fluidics 
station and a Hewlett-Packard GeneArray Scanner. Data analysis was 
performed using Affymetrix software. Expression levels of untreated or 
DMSO- treated control cells were compared with expression levels of 
cells treated with the telomerase inhibitor BIBR1591. Four pairwise 
comparisons were calculated by comparing two unrelated sets of cells 
grown with BIBR1591 to either untreated NCI-H460 cells or to cells 
treated wilh DMSO as a solvent control. Selected genes were required to 
show at least a 2-fold regulation in at least three out of four pairwise 
comparisons. 

Quantitative RT-PCR 

We used the same RNA preparations for both microarray and quantitative 
RT-PCR analyses. mRNA quantitation was performed using the TaqMan 
F.7 RT-PCR kit (PE Applied Biosystems) and all samples were analysed 
in triplicates on the AB1 PRISM 7700 Sequence Detection System (PE 
Applied Biosystems). Gene-specific oligonucleotide probes with 5'- 
fiuorescent and 3' rhodamine (quench) tags were designed for hTERT, 
Wnt5a, 1GFBP4, p21 w "», cyclin A, and GAPDH as an internal standard. 
PCR conditions as well as sequences ol RT-PCR primers and probes will 
be provided on request. 

Tumorigenicity assays 

The ability of untreated and inhibitor treated HT10S0 fibrosarcoma 
cells to form tumours was determined by injecting 1.5 X 10 6 cells 
subcutaneously in immunodeficient nu/nu NMR1 mice. BIBR1532 was 
prepared in a vehicle of 20% cremophore RII40, 80% water wilh 
equimolar amounts of NaOH Treatment was administered by gavage 
Growth of the lumours was recorded by calliper measurements 
letein mi lengtl i I il 1 palpalahl i ilaneous tumoi 

mass three times per week 

Supplementary data 

Supplementary data for this paper arc available at The EMBO Journal 
Online. 
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